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ABSTRACT

A copolymer of bisphenol A and epichlorohydrin has been used as
an inert support for the immobilization of the enzymes trypsin and
thrombin.

Reaction of 4-nitrobenzenesulfonyl isocyanate with the

hydroxy1 substituents of poly(bisphenol A-co-epichlorohydrin), reduction of the nitro group with sodium dithionite, followed by
treatment with glutaraldehyde produced an enzyme support capable of
binding 30 wt % trypsin.

The esterase activity of the bound trypsin

was assayed with a-N-£-toluenesulfonyl-L-arginine methyl ester
(TAME); values for K (app) and V
(22.2 ± 3.4) x 10

(app) were found to be

M and 23.0 ± 2.0 umol/min-mg respectively.

Free

trypsin under identical conditions yielded values for K and V
of
Jr
J
m
max
(5.0 ± 1.29) x 10~ 3 M and 342.11 ± 19.74 umol/min-mg respectively.
The specific activity of the bound enzyme was ca. 6.7% of that exhibited by the free trypsin.

The plots of media pH vs enzyme

activity nearly coincide; the bound enzyme displays a maximum activity at pH 8.5 and retained 80% of its activity at pH 10. The
immobilized trypsin retained 40% of its original activity after
3 months storage at 4° in pH 8.0 buffer; trypsin had retained 25%
under the same conditions.
Unpurified thrombin was immobilized on the poly(hydroxy ether)
_3
and gave values for K (app) and V
(app) of (5.20 ± 0.87) x 10
M
and 0.064 ± 0.002 umol/min respectively.

Free thrombin under iden-

_3
tical conditions yielded values of (3.80 ± 1.10) x 10
M and
xiii

0.460 ± 0.025 umol/min for K and V
respectively.
m
max

The bound

thrombin lost essentially all esterase activity after 30 days
storage in pH 8.0 buffer at 4°. Following immobilization, the
thrombin retained its ability to clot a 1% fibrinogen solution.
The proteinaceous material, fibrin, was employed as an enzyme
support utilizing glutaraldehyde as the active binding reagent.
Carbon-14 labeled trypsin was prepared and bound to powdered
fibrin.

A control adsorption experiment indicated that

27.8 ± 10.2% of the immobilized trypsin was covalently attached.
Between 3.0 ± 1.2 and 23.4 ± 8.8 mg trypsin per gram of fibrin
was covalently bound to the glutaraldehyde activated fibrin. Immo_3
bilized labeled trypsin gave values of (2.57 ± 0.92) x 10 M
and 234.0 ± 16.0 ymol/min-mg for K (app) and V
ID

for the total amount of immobilized trypsin.

(app) respectively

ULaX

Based on the amount

of covalently bound enzyme, the esterase activity toward TAME was
23.6 ± 9.0 to 83.9 ± 57.5% that of the free labeled trypsin and
7.6 ± 2.9 to 21.7 ± 9.2 that of native trypsin under identical
conditions.

The pH activity profile is shifted slightly to lower

pH and shows a plateau in the region of pH 8-8.4.

The storage

stability of the immobilized trypsin is enhanced; a retention of
85-90% of the original activity is shown after 69 days in pH 8.0
buffer at 4°. Trypsin was bound to a fibrin membrane and retained
its activity.

Values for K (app) and V
(app) were (4.09 ± 1.42) x
m
max

_3
10
M and 0.18 ± 0.01 umol/min respectively.

xiv

Thrombin was attached to fibrin powder and the membrane.
for K (app) and V
ID

n

Values

(app) were (3.36 ± 1.39 to 4.55 ± 1.47) x 10 - 3 M

IDflX

and 0.19 ± 0.02 to 0.15 ± 0.01 umol/min respectively.
immobilized material showed no esterase activity.

xv

The membrane

INTRODUCTION

Until the past decade, the two closely related fields of synthetic and natural polymer chemistry have been treated, for the most
part, as separate disciplines; the former field dealt with inert
materials that possessed important structural and physical properties while some of the latter natural substances possessed unique
biological activities important in many life processes.

A substan-

tial portion of the natural polymers is composed of amino acids
which possess varying degrees of hydrophobic character.

This broad

class of materials called proteins can be categorized into several
sub-classes; antibodies, antigens, and enzymes.

The ability of

enzymes to catalyze reactions, usually in a highly specific manner,
has resulted in an increasing use of these natural polymers in a
wide variety of applied applications; biological synthesis of pharmaceuticals, sweetening agents, starch liquefiers in brewing, baking
and textile manufacture, hydrolysis of fats, cheese ripening, beer
and beverage clarifiers, detergent additives and analytical reagents
are a few applications.

However, there are several inherent disad-

vantages in the use of enzymes:

(1) the enzyme is often temperature

and pH sensitive; (2) enzymes are expensive due to the necessity of
high purity; (3) in general, the soluble enzymes are not recoverable
once the reaction is over and thus may lead to further complications
in subsequent processing steps. Many of these problems can be

1

2

avoided, or at least minimized, by immobilizing the soluble enzymes
onto an inert synthetic support.
A marriage of the two fields of polymer chemistry, natural and
synthetic, has given rise to a new discipline - immobilized enzymes.
Zaborsky

has defined an immobilized enzyme as the physical con-

finement or localization of enzyme molecules during a continuous
process.

As will be pointed out later on, an immobilized enzyme is

not necessarily an insolubilized one while the reverse is always
true.

This is an important distinction, as some processes for

"immobilizing" enzymes only entrap the soluble protein in small
localized regions; hence, the enzyme is not really insoluble, but
still fits Zaborsky's definition for an immobilized enzyme.

The

use of an immobilized enzyme has certain immediate advantages that
have been discussed in many of the recent excellent reviews:

(1)

recovery and reuse of the enzyme once the reaction is over, thus
leading to; (2) cheaper and more economical uses of the enzyme; (3)
a potential increase in tolerance toward higher temperatures and
retention of high activity at a pH different than that for the free
enzyme; (4) potential increase in the retention of activity over
extended periods of time; (5) adaptability of the immobilized enzymes to column processes; and (6) their use as in vitro models for
in vivo membrane bound enzymes.

Unfortunately, these definite ad-

vantages often are obtained by sacrificing some properties, ie.
(1) frequently the enzyme loses most of its activity on being bound;
however by the same token, sometimes the activity increases;

(2)

3
(2) it is difficult to predict the direction of change of the pH
optimum for the bound enzyme; (3) storage stability can be either
increased or decreased; (4) microbial growth in column processes
has yet to be eliminated; and (5) the specificity of the enzyme can
be greatly decreased.

The present state-of-the-art does not lend

itself to predicting what the experimental outcome will be when one
sets out to immobilize an enzyme; however, several generalities
appear to be emerging from the collected data; (1) the specific
activity of a covalently bonded enzyme increases as the solubility
of its support increases;

(3-5)

(2) the pH activity profile will

shift to a more basic region when the support is negatively
charged

'

and to a more acidic region when the overall charge

of the support is positive;

and (3) the Michaelis constant,

K (app), generally increases.

Even though a number of studies have

been done concerning the specificity, stability toward extremes of
pH, heat, lypholization, organic solvents

etc., there appears to

be no certain trend emerging - a fact noted by Zaborsky

(1)

who

states, "... although there are more examples of enhanced thermal
stability in the literature, this fact may only be the result of
our commonly accepted reporting system; negative results are frowned
upon."

Thus despite the possible drawbacks, the advantages offered

by an immobilized enzyme system - in terms of economics, specificity,
and engineering - far exceed the former.

4

A, Methods for Immobilizing Enzymes
1.

Entrapment

Of the several methods available for immobilizing enzymes,
the process of entrapment, is one of the simplest.

The technique

involves the crosslinking of a polymer in the presence of the enzyme.

This produces small localized regions of free enzyme that,

hopefully, cannot permeate out of the matrix.

The diagram below

(Scheme I) shows a simplistic picture of the final product.

In the

SCHEME I

majority of cases, acrylamide has been used as the monomer and
N,N'-methylene bisacrylamlde as the crosslinking agent.

By varying

the concentration of monomer and crosslinking reagent, Hicks and

Updike

(8)

have changed both the mechanical strength and amount of

enzyme trapped; a high concentration of both monomer and crosslinker
gave the best material.

Deganl and Miron

(9)
' found that the yield

of protein trapped increased as the concentration of monomer increased but reached a maximum at 15% total monomer concentration;
yield and activity decreased at higher concentrations.

They attri-

bute this to denaturation of the enzyme, cholinesterase, by the
monomer.

Silastic resin has been used to entrap soluble enzymes

and has been found to enhance the thermal stability of acetylcholinesterase but activity was low, probably due to the extreme
hydrophobic nature of the silastic material.

Because the method of

entrapment should not lead to large alterations in the tertiary
structure of the enzyme, the basic catalytic properties of the enzyme should not be changed, however microenvironmental effects will
still exert their influence on the protein.

Simplicity of the ex-

perimental technique involved in entrapping an enzyme is one great
advantage of this technique along with several others:

(1) no

chemical modification of the enzyme is needed; and (2) a wide
variety of physical forms can be chosen since the enzyme matrix can
be deposited on the support of choice.
are several experimental problems:

To offset these advantages

(1) optimum conditions are de-

pendent upon a critical ratio of monomer to catalyst; (2) leakage
of the enzyme that finally leads to an "empty" matrix, and
(3) inactivity of the enzyme toward high molecular weight substrates
due to the small pore porosity necessary for retaining the enzyme.

6

2,

Adsorption

This method is perhaps the simplest and in many aspects
parallels the method of entrapment.

It consists of placing a solu-

tion of the enzyme in contact with a surface-active adsorbent and
then washing away the non-adsorbed enzyme.
the topic are available.

Several good reviews of

The commonly used adsorbents have

been alumina, anion and cation exchange resins, carbon, celluloslcs,
collagen, glass, and silica gel; no parallel has been found between
the adsorption power of the support and the retention of activity
by the enzyme.
(Scheme II).

An enlarged diagram of the conjugate is shown below

The mode of adsorption is difficult to ascertain and

7
could, and probably does, involve several factors:

(1) ion ex-

change; (2) physical adsorption; (3) van der Waals attractive
forces.

As with entrapped enzymes, the variation in activity

and pH behavior is not easily predicted.

The range in activity has

been from essentially zero to close to that of the native enzyme.
In work predating the shift in the pH activity profile observed for
covalently bound enzymes, McLaren and co-workers predicted
presented a mathematical treatment
enzymes immobilized by adsorption.

and

of such a phenomenon for
The wide range of values re-

ported for the Michaelis constants, the change in specificity and
the variable stability toward long terra storage allow one little
confidence in predicting what the properties of an untried
adsorbed enzyme conjugate will be.

One of the advantages of the ad-

sorbed enzyme system is the opportunity for a reversible binding
process; once the enzyme has lost its required activity, it can be
desorbed and fresh enzyme readsorbed onto the surface. Tosa and
co-workers

(19)

demonstrated the reactivation and reuse of an amino-

acylase-DEAE-Sephadex column for the continuous resolution of
acyl-DL-amino acids. The ability to desorb an enzyme is of great
practical importance in the purification of crude mixtures of enzymes.

Nikolaev and Mardashev

have used this method to isolate

pure asparaginase from a crude homogenate.

The simple and mild

conditions that characterize the adsorption process lead to little
inactivation of the enzyme and a wide number of potential supports
are available.

The primary drawbacks to the method are the exten-

sive empirical experimentation necessary to find optimum conditions
for adsorption and the ever present possibility of leakage which can

8
be caused by the same experimental variables that would appear to be
leading to optimum activity.

Desorption can also be caused by in-

creased concentrations of substrates.

3.

Microencapsulation

The use of semipermeable microcapsules to immobilize enzymes
was first carried out by Chang and co-workers
(22)
viewed both by Changv

(21)
' and has been re-

(23)

' and by Herbig.v

'

Usually the process in-

volves the entrapment of the enzyme in spherical membrane droplets
which can then either be stirred into a solution of the substrate or
packed into a column and allowing the substrate to either pass downward or upward through the column.

A diagram of a typical micro-

capsule with entrapped enzyme is shown below (Scheme III ),
SCHEME III

MEMBRANE
/ E

^^^

P R O D U CT

SUBSTRATE

The principle of operation is based on the fact that the
enzyme molecules are larger than the pore diameter of the membrane
and hence cannot diffuse out; substrate molecules whose diameters are
smaller than the pores can diffuse in and be transformed to product.
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Two general methods have been widely used to prepare the microcapsules:

(1) coacervation; and (2) interfacial polymerization - both

principles having been known in polymer chemistry for some time.
Coacervation is the separation of two immiscible phases from a single
phase when the ratio of the two components reaches a certain critical
point at a specified temperature.

The enzyme is dissolved in an

aqueous layer which is then emulsified with an organic solvent.

To

the emulsified solution is added an organic solution containing the
polymer that will make up the membrane.
have been made from polystyrene,
(25)
Silastic,

Permanent microcapsules

cellulose derivatives,

(21 25)
and collodion.

'

'

In the interfacial polymeriza-

tion technique, the initial aqueous phase of the enzyme also contains
one of the coiuonomers that will make up the membrane.

The organic

layer that is added contains the other comonomer and the combination
of the two results in the formation of a polymer membrane surrounding the enzyme.

All studies reported on enzyme entrapment have used

the polyamide derived from 1,6 diaminohexane and 1,10 decanoyl
chloride as depicted below (Scheme IV). The microcapsules created
by either method range in size from 5 to 300u
SCHEME IV

H2N-(CH2)6-NH2

+

0
0
Cl-C-(CH2)g-C-Cl
-HC1

—•£- NH-(CH2)6-NH-C-(CH2)g-C-X-
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depending on the experimental conditions used.

Chang has shown the

membrane wall of a 80u diameter nylon microcapsule to be about
0.2u.

(26)

Although the inherent properties of the enclosed enzyme

should not differ from that of the free enzyme, variables which are
diffusion controlled (i.e. K , pH profile etc.) should be subject to
change.

The activity of microencapsulated carbonic anhydrase was

found to be about 10% that of the native enzyme

(27)

in one case and

essentially 100% in the study of Boguslaski and Janik.

(28)

A

Michaelis constant 3 to 4 times that of the free anhydrase was
(28)
also reported by Boguslaski and Janik.

Although extensive stu-

dies have not been completed, the size of the membrane pore diameter
will control a large extent of the specificity of the microencapsulated enzyme; large substrates will not be able to diffuse through to
the entrapped enzyme.

Microencapsulated trypsin

(21)

was shown to be

still active toward a low molecular weight dipeptide but not toward
proteins.

Storage stability again varies depending on the enzyme.

The microencapsulation process offers several unique advantages over
the previously mentioned methods:

(1) the technique provides a very

large surface area for substrate attack; (2) choice of membrane
material, charged or neutral, would allow a large control over
specificity; and (3) several free or immobilized enzymes can be entrapped in the same microcapsule and thus provide a method for initiating a reaction sequence.

A rather high protein concentration is

needed for the encapsulation, thus economics would come into play
with the more expensive enzymes.

Also, only low molecular weight

substrates could be used and this is a rather large limitation on the
many proteinases and esterases.

I
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4.

Crosslinking

Low molecular weight bifunctional reagents have been used to
immobilize enzymes without resorting to a polymeric backbone.

(29)

Experimentally, the key is to control the amount of inter- and
intramolecular crosslinking so as to obtain a complex that is both
insoluble and highly active.

Some of the bifunctional reagents that

have been used are listed below (Scheme V).

It is important to note

SCHEME V

+n2

\

\v _ff~**

//

°=C"N"(CH2>6 " N = C = °
0

0

H-C-(CH2)3-C-H

H03S

S03H

0

0

n

it

ICH2CNH-(CH2)6-NHCCH2I

0=C=N-(CH2)6-N=C=0

that all the reagents that have been used are symmetrical with respect to their functional groups; no hetero bifunctional reagents
have been used.

Several techniques have been used for preparing

water-insoluble derivatives; (1) use of the bifunctional reagent
alone;

(29)

(2) use of the bifunctional reagent in the presence of a

second protein (coprotein);

and (3) use of the bifunctional re-

agent after absorption of the enzyme on a water-insoluble polymeric
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(31)
support.

An extension of these techniques has been used to acti-

vate polymeric supports with the bifunctional reagent followed by
coupling of the enzyme.

This latter technique will be discussed

under covalent bonding of enzymes. The activity retained by
crosslinked enzyme can vary considerably depending upon, in part, the
amount of crosslinker used.

Silman and colleagues

(32)

crosslinked

an equal amount (56 mg) of papain with both 15 and 25 mg
diazobenzidine and found esterase activity of 19 and 8% respectively.
The authors attributed this to either a higher degree of enzyme modification or to diffusional effects. Although little work has been
done concerning the effects of pH on a variety of crosslinked
enzymes, work by Goldman and co-authors

(33)

has shown what dramatic

effects can be achieved utilizing two layers of papain crosslinked
on either side to a membrane of collodion.

The esterase activity of

the bound papain was approximately 40% greater at pH 3.0 than native
papain and continued to increase from pH 6.0 to 9.6 at which point
the membrane bound enzyme was displaying an activity of about 120%
greater than the free enzyme.

The changes in the Michaelis constant,

specificity, storage and thermal stability seem to again depend upon
the specific system used; so far no definite trends have emerged.
There is, however, enough positive data to make the technique of
crosslinking one of the more favorable approaches for immobilizing
enzymes.

5.

Covalent Attachment to Synthetic Supports

The covalent attachment of enzymes to synthetic polymeric
supports has received the most attention in the past decade.

Several
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excellent reviews of the topic are now available.

(1 34-39)
'
'

Although

the authors did not establish unequivocally that their enzyme was
covalently bound, Grubhofer and Schleith

are given credit for

being the first to immobilize an enzyme covalently to a synthetic
support in 1954.

Since that time, especially in the past decade,

many methods for chemically attaching enzymes have been developed
and the result has been a unique overlapping of organic, polymer,
biochemistry, and in recent years, chemical engineering has also
been added to the list.

Zaborsky

ment of methods into four classes:

has summarized the vast assort(1) reaction of the enzyme with

a reactive polymer that does not require an activation procedure
(Scheme V I ) ; (2) reaction of the enzyme with a polymer whose

SCHEME VI
CH.,

-(CH2CH2-CH — CH-}/n
I

I

ref. 41

i

J

-£CH 2 C

CH I

I

ref. 42

CH 3

CH3

C0 2 -(CH 2 ) 4 I

™

ref. 43

-CH—CH-f

CH 3
., c u

n

ref. 44

2
functional group has been activated prior to attachment of the
protein (Scheme VII); (3) reaction of the enzyme with a polymer
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SCHEME VII
0
ii

C1CC1

HNO„

-4CH2CH-X

-fcH,-CH-X-

n

T

HC1
ref. 45

N 2 + C1"

> -/cH2-CH-Xref. 46

NH„

-OH

CNBr

-OH

-HBr

NCO

1

(S-CN

-0.

^ Sephad
hO-H

C=NH

ref. 47

whose functional group has been activated in the presence of the
enzyme (Scheme VIII); (4) reaction of the enzyme with a polymer

SCHEME VIII

Polymer-C02H

+

R-N=C=N-R

->

0

NH-R

II

»

Polymer-C-O-C
i

N-R

Polymer-C-NH-E

+

R-NHCNH-R
E-NH„

ref. 48

whose functional group has been activated with a multifunctional low
molecular weight reagent prior to addition of the enzyme (Scheme IX).
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SCHEME IX
CI N
CI
Cellulose-OH + |l J^
>^
CI

^ Cellulose-O-jj^ " ^ T 0 1
N

s^N
^T
CI

ref. 49

^ N ^\ - Li
CI
Cellulose-O^

YN V
<r Enzyme-NH
y N

2

NH-Enzyme
°
Polymer-C-NH2

1) NH2NH,
-—2) HN02

>

°
Polymer-C-N3
ref. 50

H2NCH2CH2NH2
^0
Polymer-C-NHCH2CH2NH2 + NH3

DMF

°2N\

/C"N3

Na 2 S 2 0 4

Polymer-C-NHCH2CH2NH-C-r^
y-N 2 + Cl"
0
0 \ = /

ref. 50
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All of the above are some of the more common types of reactions used to covalently immobilize proteins.

Frequently, to en-

hance the mechanical strength of the synthetic polymer, a crosslinker is added during addition of the enzyme; hexamethylene diamine
or 4,4'-diaminodiphenylmethane are two such crossllnkers.

The physi-

cal nature of the final support-enzyme conjugate depends in large
part on the properties of the support used.

Some of the more common

types of carriers that have been employed are:

acrylamide, maleic

anhydride, methacrylic acid and styrene-based polymers in addition
to the more natural based polymers such as agarose (Sepharose), dextran (Sephadex), cellulose, glass and starch.

The prepared conju-

gate can take the form of a powdery, spongy, gelatinous or fibrous
material with a large surface area.

Frequently, there is some trade-

off in obtaining a large surface area; the structural rigidity of
the support particles is reduced at the expense of a much larger
pressure drop during column work.

A final increase in surface area

is generally achieved by reduction in the hydrophobicity of the
polymer thus allowing the support to swell more and consequently
allow access to more functional groups. Mitz and Summaria

(51)
found,

in their work with carboxymethyl cellulose, that conjugates that
were swollen were more active than those which were not.

However,

in spite of the enhanced activity that generally arises from a hydrophilic support, there exists a necessity for being able to bind an
enzyme to a structurally solid support that can be fashioned into
various forms. Work is just starting to emerge along these lines;
(52)
trypsin has been attached to partially hydrolyzed nylon tubesv 'and
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8-fructofuranosidase to polystyrene tubes that had been chemically
modified.

(53)

Semipermeable hollow fibers made primarily from

either cellulose or cellulose acetate have come into recent use for
enzyme reactors.

(54)

Little work has been done to explore other

possible malleable supports that possess functional groups. The
large pressure drop experienced when column materials become packed
can be alleviated to a large extent by the use of glass beads and the
appropriate silating reagent (Scheme X).

Weetal

has been

largely responsible for the progress made in this area.

SCHEME X
reflux
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+
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As mentioned earlier in the introduction, the overall charge
of the support seems to play a significant role in the enzymes optimum activity.

Goldstein & Katchalski* ' compared the pH activity

profiles of chymotrypsin bound to ethylenemaleic anhydride copolymer
possessing an overall negative charge, a polycationic polyornithyl
derivative of chymotrypsin and native chymotrypsin.
are shown below.

Their results

As can be seen, the cationic polymer support

• polyornithyl chymotrypsin
A EMA copolymer
• chymotrypsin

has shifted the pH optimum slightly more than one pH unit toward more
alkaline values while the cationic carrier has displaced the curve
approximately one pH unit toward more acidic values.
was offered by Goldstein, Levin, and Katchalski.

An explanation
There appears

to be an unequal distribution of hydroxyl and hydrogen ions between
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the matrix surrounding the enzyme and the bulk of the solution.

The

hydrogen ion concentration is greater in the region of a high
anionic charge and lesser in the vicinity of a cationic environment.
The enzyme will then experience a hydrogen ion concentration different than what the pH meter employed will indicate; the microenvironment is less acidic than that of the bulk solution in the
polyanion case and hence the measured activity of the enzyme will
correspond to the activity of the enzyme in a less acidic media the pH profile will be shifted in the alkaline direction.
site is true for the polycation support.

Goldstein et al.

The oppo' pro-

vided further evidence for their theory by using the shift in the
pH profile to calculate the electrostatic potential assuming a
Maxwell-Boltzmann distribution of charge,

The values calculated for

the ethylene-maleic acid enzyme conjugates were in good agreement
with values obtained based on polyelectrolyte theory.
The distance between the backbone of the polymeric chain and
the bound enzyme appears to play a significant part in both the
capacity of the support and the activity of the immobilized enzyme.
Cuatrecasas

found that the effectiveness of the polyacrylamide

or agarose supports could be increased by attaching the enzyme to a
ligand that extends from the support (Scheme XI).

The author was

able to bring to light two important points in his studies of
these derivatives:

(1) the capacity of the enzyme increases as

the chain is extended from the support; and (2)

the binding ca-

pacity of polyacrylamide gels is low relative to agarose.
latter point may be due to the decreased porosity of the

The

SCHEME XI
CH20H
Poly (acrylamide)

C N H / ' \\-S

Capacity:
0.6 mg/ml of gel

yf

OH

HO

Poly(acrylamide)—CNHCH2CNHCH2CNHCHCH

N=N^

Capacity:

y-s-i

CH20H

2 mg/ml of gel

0
II

y~s~|

Poly (acrylamide)—CNHCH2CH2NHCCH2NH-/^

|

2

Capacity:
3 mg/ml of g e l
HO
gel during formation of the acylazlde intermediate; thus, it may be
possible to prepare a support containing a high degree of activated
ligand much of which will be inaccessible to the diffusion controlled
substrate.

Examination of the literature indicates that little work

has been done to advantageously utilize the increasing distance
between polymer and enzyme as a method to improve the efficiency of
(57)
the support.

Recently Brown and co-workers

carried out a simi-

lar study with homo and copolymers of iodoalkyl methacrylates, as
shown below, and reached the same conclusion; the capacity increased

CH„
-

^

-

^

0-CH2CH2I

CH,

—{CH9-C —XV 2 fc-o^
0-CH2CH2CH2CH2I
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with an increase in the length of the alkyl group.

6.

Covalent Attachment to Proteinaceous Supports

The use .of polypeptide analogs to immobilize enzymes has,
for the most part, been limited to the synthetic copolymer composed
of L-leucine and £-amino-DL-phenylalanine prepared from the N(58)
curboxyanhydrides (Scheme XII), v ' The enzyme is then attached to
the activated support. This approach has yielded conjugates with
retained activity which perhaps adds emphasis to the concept of
utilizing a carrier that is similar in nature to the material being
bound.

The work of Stahmann and Becker

(59)

showed that the enzyme

itself could be utilized to initiate polymerization of the
N-carboxyanhydrides.

Later, Glazer et al.

employed trypsin to

SCHEME XII

NHC0 2 CH 2 C 6 H 5
CH

„CH
°^CH
CH2
CH
/ ^NH
0=C
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CH
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\
,C»0

#

CH- ,CH
^CH

1) NEt3/Dioxane
2) HBr/HOAc
3) 6 N HC1
4) NaNO,/HCl
' "~"v3'

polymerize N-carboxy-L-tyrosine anhydride and produced a partially
insoluble matrix. This material could be precipitated from solution
by acetate, phosphate, or borate anions and retain its activity upon
redissolving.

The work of Kirmura and Yoshida^

' has extended this

concept to many other enzymes although many of the preparations were
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still water soluble or reported as "practically insoluble in water".
Apparently, the use of high molecular weight proteins to prepare a
completely water-insoluble conjugate with the active enzyme has received little attention; collagen has been used
certain Immunoglobulins.

'

' as well as

From the standpoint of in vitro appli-

cations, the use of a polypeptide offers little advantage over the
many supports now available.

However, for biomedical use and es-

pecially for the increasing use of immobilized or encapsulated
enzymes in vivo, the use of a proteinaceous support offers definite
advantages:

(1) biocompatibility; (2) wide variety of supports to

choose from; (3) increased stability of the enzyme especially if
the support carries a high negative or positive charge; (4) enhanced
activity due to the hydrophilic character of proteins; (5) a wide
variety of functional groups available for attachment of the desired
enzyme; (6) if chosen correctly, a proteinaceous support would lend
itself to slow degradation by the hosts proteolytic system and thus
remove any traces of the support/enzyme when its job is done; and
(7) little chance of a potential carcinogenic effect.
The potential antigenic character of many synthetic materials
coupled with the inherent lack in mechanical strength of the more
widely accepted supports (i.e. crosslinked polysaccharides, glass
beads, cellulose derivatives, polyacrylamide gels) led us to look
for a more acceptable support material, that is one which could be
used as a suspension or could be molded into shaped articles.

The

high molecular weight protein, fibrin, seems to meet many, if not
all, of the stated advantages for a proteinaceous support.

The
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potential antigenic character seems to have been eliminated by heating the fibrin to 140° and then cooling.

' '

Because this disser-

tation describes a rather unique application of a naturally occurring
polypeptide, it seems worthwhile to elaborate upon the source, composition and chemical activity of the materials studied:

fibrinogen,

fibrin and thrombin; a better understanding of the functional groups
involved may suggest new chemical applications.

B,

Mechanism of Fibrin Formation
1.

Fibrinogen

Fibrinogen is the soluble proteinaceous precursor of the clot
forming protein, fibrin.

Although it represents only a minor frac-

tion of the plasma proteins, its widespread phylogenetic distribution
has been noted by various workers;
vertebrate species so far studied.

'

it has been found in every

In humans, the principal source

of fibrinogen appears to be the liver which may produce the protein
in as high as 5g quantities per day.

Other cell types, such as

platelets, are also known to contain fibrinogen.
of the protein is about 80 hr.

The half life

The mechanism for removal of

fibrinogen by the body is unclear and may involve many factors since
a large decrease In the concentration of fibrinogen develops when
proteolytic activity in the blood becomes abnormally high.

(72)

The molecular weight of fibrinogen isolated from a variety of
animals has been determined to be around 300,000.

' '

Chemically,

bovine fibrinogen consists of three different peptide chains which
can be separated and studied independently.

These three chains

occur in duplicate in the molecule implying that the fibrinogen
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molecule is a dimer.

Electron microscopy indicates that the

molecule exists with globular features approximately 60 A in diameter
which are connected by a thin rod.

Light scattering and hydro-

dynamic investigations indicate that the molecule is longer than
what can be visually observed suggesting that the thin rods extend
beyond the nodules.

(78)

Fibrinogen is stable as a powder at 4° or less and can be stored
in 2% saline although an insoluble precipitate appears.

Aside from

the normal amino acids, fibrinogen also contains mannose, galactose
and glucosamine.

2.

(79)

Thrombin

Relative to the size of fibrinogen, thrombin is a small enzyme.

Amino acid analysis by Laki and co-workers

shows the

molecular weight to be around 8,000; however, hydrodynamic measurements

f81)

and complexing with diisopropylphosphorofluororidate (DFP)

in the ratio of 2:1 indicates that thrombin is dimeric but one of
the catalytic sites is not operative and thus does not pick up DFP
(only active sites pick up DFP).

(82)
' Monomeric thrombin is a single

polypeptide chain starting with isoleucine and ending with aspartic
acid; a single histidine and a serine unit "somewhere in the middle"
(83)
constitute the active site.v ' The proteolytic activity of thrombin
is similar to that of trypsin;

the enzyme establishes contact

with the bond to be split; the amine contributing portion is released
while the second half remains in contact with the enzyme; and finally
the bound peptide portion is released.

(85 103)
'

The net result is the
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cleavage of the substrate (fibrinogen) into two parts and the freeing of the enzyme to reinitiate the cleavage at some other bond.

Un-

like trypsin, however, thrombin splits only two peptide bonds per
fibrinogen monomer while trypsin reacts with almost all of the 150
arginyl and lysyl bonds. This extremely specific proteolytic activity has been carried even further where it has been shown that
thrombin is inert toward any other protein except fibrinogen.

It

has been suggested that the carbohydrate content of fibrinogen is
responsible for the activation of thrombin.

( 86)

The assay of thrombin activity has generally been carried out
in one of two fashions; a clotting time assay with a standard fibrinogen solution or small substrate hydrolysis.

In the former assay, the

generally accepted unit of activity was defined as that amount of
thrombin which produces a clot in 15 sec.

(87)

The assay conditions

were critically analyzed and updated by Seegers and co-workers.

(88)

Although widely used, this method seems to give rather inconsistent
results from laboratory to laboratory.
drawbacks may be:

Several of the more obvious

(1) inexactness in the exact time of clot forma-

tion; and (2) preparation of a standard purity of thrombin and fibrinogen.

The use of synthetic substrates to ascertain the acac-

tivity of thrombin has been investigated by several workers.

(90,91)

Sherry and co-workers used the substrates benzoyl-L-argininamide
(BAA) and £-toluenesulfonyl-L-arginine methyl ester (TAME) and found
that TAME was 3-4 orders of magnitude more reactive than BAA. Utili-3
zing TAME, values for K of 4-6x10 M have been obtained. The inm
vestigation of L-lysine esters by Cole et al. has shown them to be
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20-800 times less reactive than TAME.

£-Toluenesulfonyl-L-lysine

methyl ester (TAME) does appear to be more reactive however.
Even though it appears that employment of the more active synthetic
substrates such as TAME is quite feasible, a direct correlation between the esterlytic activity and clotting activity has not yet been
(92)
achieved.

(92)
Waugh and Lamy

adjusted the clotting times of NIH

and Park-Davis and Co. thrombin until they were the same and then
analyzed their activities with TAME. They found that the activities
(93)
differed by as much as 30%. Landaburu and Seegers
have suggested
that monomer thrombin has esterase activity whereas a dimer has clotting activity.

Although more work needs to be done before a direct

comparison can be made regarding the clotting and esterlytic activity,
the use of either method allows one to achieve a qualitative estimate
of thrombin's activity.

A further note of interest is that the rela-

tive order of ester hydrolysis for a variety of substrates was found
to be the same for thrombin, trypsin and chymotrypsin.

(94)

This

observation implies that there must be a similarity of protein structure in the area that makes up the substrate positioning site.

It is

known that there is a close structural relationship between trypsin
and chymotrypsin that comprises an essential histidine moiety.

'

Thus, when the primary sequence for thrombin becomes known, a peptide
loop similar to trypsin and chymotrypsin will probably be found.

3.

Fibrin

The formation of fibrin from fibrinogen by a polymerization
process, as yet not completely understood, is one of the most interesting processes the body undergoes during a trauma.

In vertebrate
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blood, the clotting of fibrinogen rests on the function of two other
proteins:

thrombin and fibrin-stabilizing factor (FSF).

The scheme

below outlines the final steps in the clotting process - at least as
much as is now known.

Fibrinopeptides A and B

/I
n fibrinogen

Thrombln

> n fibrin

**

(fibrin)

~
FSF

Thrombin> F g p *

n

aggregates

Ca

Ca

crosslinked(fibrin)

polymer

As can be seen, the role of thrombin is twofold:

(1) reaction

with fibrinogen and (2) activation of the fibrin stabilizing factor.
Utilizing the hydrolysis reaction mechanism described earlier, thrombin normally makes four encounters with fibrinogen giving rise to
the splitting of 4 peptide bonds and the release of four small
peptide units, peptides A and B; the high degree of specificity
of this hydrolytic step was pointed out earlier.

There seems to be

little doubt that the release of the acidic peptides decreases the
excess negative charges on fibrinogen and thus allows the fibrin
chains to aggregate and subsequently react to form the highly crosslinked material.

'

It is important to note that the fibrin formed

by the action of thrombin alone can be reversibly dissolved by altering the pH

(99)

or by the addition of various solutes to the medium

such as 5 M urea

or 1 M sodium bromide.

' Because, under
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these conditions, these reagents wouldn't cleave covalent bonds, it
would be reasonable to assume that no covalent crosslinking exists
between the fibrin strands.

In contrast to this behavior, the clot

normally formed in plasma cannot be dissolved by the above mentioned
procedures; it is therefore regarded as a crosslinked polymer network.

The intramolecular bonding is essential for resisting the

pressure of blood while at the same time the crosslinked fibrin
appears more stable toward proteolytic enzymes found in the blood.
Based on the work of Lorand

and Bl'6mback,

it is be-

lieved that thrombin splits an arginine/glycine bond to produce
peptides A and B from fibrinogen.

It has been determined that

peptide A is released much faster than peptide B

'

and

furthermore, the release of peptide A alone is sufficient for clotting.

Peptide B is produced only after considerable amounts of

fibrin have been produced.

The fibrinopeptides are low molecular

weight materials (around 2000)

and amino acid analysis indi-

cates that they are composed primarily of glycine, aspartic and glutamic acids.

This high concentration of acidic amino acids leads to

a negatively charged flbrinopeptide.

This observation coupled with

the fact that thrombin is known to bind polyanions
amino acids

has led Lorand

and acidic

to postulate an electrostatic

attraction between thrombin and fibrinogen depicted as shown below.
This concept is consistent with the facts that: (1) catalytically
inert thrombin still retains its ability to bind a polyanion
(hirudin) in one-to-one stoichiometry;

and (2) acetylation of

thrombin influences its reactivity toward fibrinogen more than toward small synthetic, esters (i.e. secondary binding sites are
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THROMBIN

[•FIBRINOPEPTIDE POLYANION

destroyed).

j f-FIBRIN MONOMER

The removal of the negatively charged peptide units

seems to initiate the aggregation of the protein, either by removal
.C106)
and/or the uncovering of
of electrostatic repulsive forces
hydrogen bond donor and acceptor sites providing a means for intermolecular attractions.

4.

Crosslinking of Fibrin

The aggregates of fibrin previously described are inadequate for
the task they must play in the prevention of hemorrhage since they
lack the necessary integral strength.

It has been determined that

the final step in clot formation is effected by an enzyme, fibrin
stabilizing factor (FSF), thrombin and calcium ions.

Both

thrombin and calcium are required to activate FSF indicating that FSF
is only a precursor to the active agent.

The vertebrate fibrins

produced invariably carry N-terminal residues of glycine.
and Konishi

Lorand

postulated that thrombin acted on fibrinogen in

order to release a peptide unit, thus revealing a terminal glycine
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unit.

This glycine unit, with the thrombin activated fibrin sta-

bilizing factor acting as a transpeptidase (i.e. transamidase),
would react with a carbonyl moiety on an adjacent chain of fibrin
giving rise to intermolecularly crosslinked fibrin strands as shown
below.

If this proposed mechanism is correct, then small molecules
0

it

II

F
I
B
R
I
N

— c-x^ N
H2N-GLY-

F
I
B
R
I
N

/

FSF
2+
Ca

F
I
B
R
I
N

-C-N-GLYi

H

F
I
B
R
I
N

+ HX
capable of reacting with either the amino or acyl groups involved
should inhibit the crosslinking process. This has been found to be
the case with a variety of synthetic molecules
tagged materials.

(97)

including carbon-14

Studies also show that e-amino groups may also

be involved in the polymerization process. The significance of the
discovery of the molecular basis for the inhibitory response of small
molecules toward the final step in clot formation will allow subtle
modification and/or labeling of the fibrin without stopping the
clotting process altogether.

C.

Methodology For Analyzing Immobilized Enzymes
The most common used method for determining whether an immo-

bilized enzyme has retained any of its activity is that of small
substrate hydrolysis.

If the enzyme is capable of esterase activity,

either a-N-£-toluenesulfonyl-L-arginine methyl ester (TAME) or
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a-N-benzoyl-L-arginine ethyl ester (BAEE) shown below may be used.
Hydrolysis of the ester linkage produces the corresponding acid and
alcohol; the most prevalent method for monitoring the extent of the
reaction is by automatic titration of the acid produced.

The di-

mensional units used for expressing the activity of a free enzyme,

H2NCNH(CH2)3CHCOCH2CH3

H/)NCNH(CH„) ,CHCOCH,

NH

NH

NH
i

C=0

(BAEE)

(TAME)

umoles product/min/mg of protein, at specified conditions is the same
used for immobilized enzymes.

However, a problem arises because it

is necessary to determine the amount of bound enzyme; acid hydrolysis
followed by amino acid analysis is frequently used.

The use of the

total weight of the support plus enzyme does not allow a direct comparison of immobilization efficiency.

Although knowing the amount of

enzyme attached is important, the relative amounts of active, partially inactive, and inactive enzyme molecules per total amount of
bound enzyme would be even more beneficial in comparing immobilization techniques.

Fritz

used an active site titrating reagent
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to determine the amount of active trypsin bound to a cellulose derivative, however, Glassmeyer and Ogle

found the technique in-

effective on a slightly different cellulose derivative.
work has been done along these lines.

Little

In general, the kinetics of

immobilized enzymes follow the relationship derived for soluble
enzymes by Michaelis and Menten

in 1913 and shown below.

V
V -

[S]

max

[S] + K
m

In this equation, V is the velocity of the reaction, V

is the

ntcix

velocity at which the enzyme becomes saturated with substrate (i.e.
the velocity of the reaction no longer increases as the substrate,
[S], concentration increases), and K

is the Michaelis constant, de-

fined as the concentration of substrate at which the velocity of the
reaction is one-half V
. One experimentally measures the velocity,
max
V, as a function of substrate concentration and graphically plots
rearranged forms of the Michaelis-Menten equation to give V

and

K . Depending on the parameters plotted, these graphical representa(122)
tions are called Lineweaver-Burk, Angustinsson, or Woolf plots.
In the case of immobilized enzymes, the constants are only apparent
ones and are expressed as V

(app) and K (app) to distinguish them

from the constants for the soluble enzyme.

The experimental measure-

ment of the immobilized enzymes velocity at various pH's is another
widely used criteria for comparing the soluble and bound enzyme.
The nomenclature for immobilized enzymes in this dissertation
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is that recommended in the text by Wingard,

(123)

the symbols ENT

(entrapped), MEC(microencapsulated), ADS(adsorbed) and CVB(covalently bound) are inserted between the carrier and enzyme as a
"shorthand" description of the immobilized enzyme.

For example,

trypsin covalently attached to carboxymethyl cellulose would be
CM-cellulose CVB trypsin.

D.

Objectives
From a review of the literature, it appeared that many labora-

tories were utilizing immobilization supports and enzyme binding
ligands that had been satisfactory in the past with little work
being directed toward seeking out new supports or utilizing bifunctional reagents containing different reactive moieties. Our
initial efforts were directed toward the use of hydroxy containing
polyethers as support materials along with the synthesis of bifunctional reagents containing the sulfonyl isocyanate group and capable
of binding enzymes.

Concurrently, the best methodology for analy-

zing the activity of the bound enzyme had to be selected and the
experimental apparatus assembled and tested.

Due to the definite

advantages of proteinaceous supports for in vivo work, and the total
lack of experimental work along these lines in the literature, subsequent work was directed toward the utilization of the protein,
fibrin, as an enzyme support.

RESULTS AND DISCUSSION

A.

Polyether Supports
While the number of polymeric materials being used as enzyme

supports continues to slowly expand, little, if any, attention
has been directed to the use of polymers with ether linkages in
the backbone of the chain.

This, in part, has probably been due

to the small number of polyethers that also possess reactive functional groups to which the enzyme can be directly or indirectly
attached.

While searching for hydroxy containing polymers that

could be used to bind a ligand containing the sulfonyl isocyanate
moiety, it came to our attention that the copolyether derived
from 2,2-bis(4-hydroxyphenyl) propane (1), commonly called bisphenol A, and epichlorohydrin (2) seemed to satisfy many of the
requirements for our use:

(a) the monomers are readily available

and are of moderate cost; (b) good mechanical properties brought
about by the crystalline aromatic portion of the copolymer; (c)
the ether linkages should be inert to the chemical methods used
in modifying the polyether; and (d) the pendent reactive secondary
hydroxy groups permit attachment of a wide variety of functionally
appropriate ligands capable of binding enzymes.

The synthesis of

the copolymer was carried out according to the method of Wynstra,
Reinking and Barnabeo

by treatment of a caustic solution of the

bisphenol A (1) with an equimolar amount of epichlorohydrin (2) to
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form the epoxide terminated copolymer.

The reactive epoxide groups

are capped by the reaction with phenol in refluxing chlorobenzene

Ho

Of^

oH +

v ^ w^v > - ^
CH,

Q)

3

to give the white, granular polyhydroxyether (3) in 95% yield.
The polyether was soluble in many solvents:

tetrahydrofuran, chloro-

form, methylene chloride, pyridine and dioxane so subsequent modifications of the polymer could be performed in solution.
In the Introduction, it was pointed out that the distance between the support and the point of attachment of the enzyme has
been shown to have a direct bearing upon the enzyme binding capacity
and activity of the material used.

' I n

our case it was felt

that the pendent secondary hydroxy group of the polyether could
function as a reactive site for chain extension and consequently
increase the distance between the "backbone" and the reactive functionality to which the enzyme will be bound.

Ethylene oxide was

chosen as the method to graft on these pendent "arms" for several
reasons:

(1) controlling the length of the chain should be feasible;

(2) the high degree of flexibility of the alkyl ether linkage should
result in a more mobile and hence less denatured bound enzyme; (3)
a gradual increase in the hydrophilicity of the entire support leading to castor access for the substrate; and (4) termination of the
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ethylene oxide chain will leave the necessary reactive functionality,
a primary hydroxy group, for further modification.

It appeared,

following a literature search, that the grafting of ethylene oxide
to the polyether in question had not been carried out.
and co-workers

(125)

Reinking

in a series of papers reported the preparation

of a group of ester derivatives:

formyl, acetyl, chloroacetyl mer-

captoacetyl benzoyl, jj-toluenesulfonyl and others.

The methods used

were those commonly used for ester preparation (i.e. via acid halides,
acid anhydrides, ester exchange or free acid) and were run in solvents such as dloxane or pyridine.

Grafting of acrylonitrile, acryla-

mide and methyl methacrylate to the polyether substrate was also
mentioned.

The synthesis of ethylene oxide graft polymers on

other substrates has been reported.

Cohen ejt al.

prepared hy-

droxyethylated polyvinyl alcohols that contained up to 35% ethylene
oxide units, i.e. ca. one-half ethylene oxide per vinyl alcohol repeat unit; no polyethylene glycol units were present.
workers

Haas and co-

were able to graft ethylene oxide to nylon type polymers

and obtain materials that contained two to sixteen polyglycol units
per backbone repeat unit; the physical properties were greatly
changed.

Weiss, Gerecht and Krems

(128)

utilized copolymers of sty-

rene and dimethylmaleate or alkyl acetate to form graft polymers
with ethylene oxide.
The initial attempt to prepare poly[(bisphenol A-co-epichlorohydrin) -g-ethylene oxide)] (4) from the polyether (3) was by way of
the alkoxide salt of the secondary alcohol (5) which would then be
utilized to initiate anionic ring opening of the ethylene oxide and
subsequent propagation of the chain.

Experiments //1-5 in Table (1)
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(5)
outline these trials. After an induction period of 10-30 minutes,
an insoluble gummy precipitate formed when sodium hydride was used
as the reagent.

An attempt was made (Expt #2,3) to use DMF or HMPA

to prevent precipitation but the same results were obtained.

Infra-

red analysis of the solvent soluble material showed a reduction in
the hydroxyl absorbance as would be expected, but the majority of
material became insoluble.

In order to obtain a homogeneous solu-

tion, n-butyl lithium (n-BuLi) was next used with THF or HMPA as
the solvent systems.

In both cases, even when n-BuLi was diluted

with solvent before addition, a very vigorous reaction took place
and a precipitate formed immediately.

The infrared spectrum

again showed reduction in the intensity of the hydroxyl peak.

The

isolated material would only swell in a variety of common solvents.
Experiment #5 was conducted to see if grafting of ethylene oxide
would occur without isolation of the alkoxide.

The gas was bubbled

through the heterogeneous mixture, but no change was noted.

Then

TABLE 1
Summary of Reaction Conditions for Preparing
poly[(bisphenol A-co-epichlorohydrin)-g-ethylene oxide]

Expt //

a.

Solvent

Reagent
(Catalyst)

Temperature,
°C

Pressure,
atm

Time,
hr

Rati<
E0/PI

1

THF

NaH

25°

1

2

-

2

DMF

NaH

25°

1

2

-

3
4

HMPA

NaH

1

1

-

THF

n-BuLi

25°
25°

1

0.5

-

5

HMPA

n-BuLi

25°

1

1

-

6
6a

Dioxane

LiOH

125°

1

0.05

a

Dioxane

L10H

125°

1

5

a

7

Dioxane

Na0CH3

113°

1

5

a

8

-

-

95°

20

20

17:1

9

-

-

135°

55

18

57:1

10

Dioxane

-

95°

22

18

25:1

11
12

Dioxane

NaOCH

123°

24

12

40:1

Dioxane

NaOCH_

124°

41

19

40:1

Ethylene oxide was bubbled through the solution for the time period denoted.

00
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a 10 fold excess amount of H 2 0 was added whereupon the precipitate
commenced to dissolve and was completely dissolved in 10 minutes;
the solution became quite viscous. Precipitation in water followed
by filtration and drying left a material that would only swell in a
wide range of solvents and whose infrared spectrum was identical to
(129)
the starting material.

(125)
The technique of Reinking

for

preparing ester derivatives was next tried (Expt #6). A dioxanewater azeotrope was distilled off at 88° and ethylene oxide gas was
bubbled through the solution.

The nmr spectrum of the purified

product was identical to starting material.

The same procedure

was tried using sodium methoxide as catalyst following the technique
(128)
of Weiss and co-workers.
Again, only starting material was re(R)
covered.

At this time a Paar

bomb became available and experi-

ment #'s 8-12 were run at elevated pressure.

The use of ethylene

oxide alone (Expts #8-9) or with solvent (Expt #10) led only to the
recovery of the starting aromatic ether as verified by nmr. However, when sodium methoxide was added as a catalyst and the experiment repeated, a substantial change in the nature of the material
isolated was noted.

Attempted precipitation of the homogeneous

dioxane solution into water in a Waring
milky solution.

(R)

blendor produced only a

Evaporation of the water and solvent left a slightly

rubbery material that could then be ground up in the blender with
water.

The material was extracted for two days with water, dis-

solved in dioxane, and freeze-dried for 18 hr.

The infrared

[Figure (i)] and nmr [Figure (2)] of the product indicate that a
poly(ethylene oxide) chain is present.
absorbance at ca. 9.Op (1111 cm

The appearance of a strong

) has been shown by various
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Figure

1:

Infrared spectra of poly[(bisphenol A-co-epichlorohydrin)-g-ethylene oxide] (A), and poly(bisphenol
A-co-epichlorohydrin) (B).

o

OMSO-4,

Vv^N*—"•? '^^<^'>VVvxAV^^-

Figure 2 :
Comparison of the nmr spectra for DMSO-dg (upper), poly(bisphenol A-co-epichlorohydrin) (middle), and
[(bisphenol A-co-epichlorohydrin)-g-ethylene oxide] (lower).
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workers

(130—132)

oxide units.

to be due to the C-0 stretching of polyethylene

This absorbance was also present in the modified

nylon type materials prepared by Haas and co-workers.

' The

aryl polyether absorbs at a slightly longer wave length around
9.7u (1031 cm

). The presence of a small carbonyl absorbance at

5.8u (1725 cm

) is probably due to the presence of a small amount

of terminal aldehyde moieties.
1070 and 910 cm"

Superimposed on Figure (1) at ca.

are the major C-0 stretching bands of THF.

The

difference in position of absorbance between these and the product
show that the C-0 band in the polymer is not due to trapped solvent;
water does not absorb in this region.

A comparison of the nmr of

starting material and product reveals the appearance of a peak at
3.63 ppm due to the methylene groups adjacent to the ether oxygens
in the polyethylene oxide chain.

For this particular sample, the

relative area is equal to 6.3 protons or 1.6 ethylene oxide units
per backbone repeat unit.

This number is only an average, so there

could be a longer chain and then several unsubstituted secondary
hydroxyl groups.

The material was soluble in THF, dioxane or DMSO.

Gel permeation chromatography did not show an increase in molecular
weight, but this was probably due to the small increase in molecular
weight relative to the overall molecular weight of the polymer.

No

low molecular weight polyethylene oxide was eluted during GPC analysis of the graft copolymer.

All spectroscopic data indicates that

the graft copolymer has been prepared and should act as a modified
polyether enzyme support with advantages due to the polyethylene
oxide graft.
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B.

Sanger's Reagent Analogs
The development and utilization of l-fluoro-2,4-dinitrobenzene

(6) by Sanger

(133)

+

in 1945 played a central role in the structure

Protein-NH,

60% EtOH
NaHC03

^

^

2

NH-Protein
(6)
elucidation of insulin/ 1 3 4 ' 1 3 5 *

The fluorodinitrobenzene (FDNB)

reagent will undergo nucleophilic displacement reactions with Nterminal and e-amino (lysine) groups, the phenolic (tyrosine)
groups and the imidazole (histidine) groups to form, upon acid hydrolysis, highly colored derivatives that can then be identified by
chromatographic methods.

The reagent is reactive enough to

undergo coupling with the nucleophile at room temperature and a pH
of 8-9.

In 1959, Manecke and Singer

recognized that Sanger's

reagent, if attached to an inert support, should be capable of binding enzymes.

In a series of papers,

'

they prepared polymeric

derivatives (7-10) of the reagent and tested them for their enzyme
CH 3

CH 3

- f C-CH2-C-CH2^C=0

C00H

NH

<s>
w
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— ^ — C H — C H j — CH—CH2-+-

Nil2

NH

- + - C H — C H ^ CH—CHjA—

S0 2

S03H

(.?)

(10)

binding capability.

The polymeric Sanger's reagent analogs re-

tained their property of binding with proteins and displayed a
very good capacity although hydrolysis of the reactive chloro (8)
and fluoro (7,9,10) groups was a problem along with a loss in a
majority of the enzyme activity after approximately 3 weeks storage.
The high reactivity of the Sanger's reagent is due to the strong
electron withdrawing groups ortho and para to the halogen (6).
Because we were working with sulfonyl substituted aromatic rings,
we thought that the electron withdrawing sulfonyl groups
may function in the same manner as the para nitro group

S02NHC02R

F

<&

F

(if)

and thus provide a new bifunctional analog of the classical reagent.
The use of the sulfonyl carbamate group was attractive for several
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reasons:

(1) the sulfonyl isocyanate group is highly reactive to-

ward nucleophilic species; (2) the acidity of the nitrogen proton

(139)

should allow control of the carrier/enzyme microenviron-

ment; thus the ability to control the pH may lead to an optimization of the enzyme activity; (3) the extended, flexible ester
linkage should hold the bound enzyme away from the polyether
and consequently allow for greater access of the substrate to
the enzyme; and (4) analysis of the enzymes point of attachment
could also be carried.

To demonstrate the feasibility of using the

sulfonyl isocyanate group in combination with the polyether (3),
£-toluenesulfonyl isocyanate (12) was reacted with the polyether.

SO2N=C=0

CH 3

THF

-/o-Ar-C-Ar-OCH2CHCH
CH 3

OH

&.

75-80°

(12)

(3)

CH,

THF

-^0-Ar-C-Ar-OCH0CHCH^-

CH,

CH2N2, 0C

i

CH 3
O-Ar-C-Ar-OCH,CHCHsf-

CH„

0
C=0
N-CH„

(13)

(14)
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Both infrared and nmr spectra substantiated the formation of the carbamate.

Elemental analysis indicated a degree of substitution

(D.S.) equal to 0.75.

Clear, strong films could be cast indicating

retention of mechanical strength due to the polyether backbone.

The

acidity of the nitrogen proton could be controlled by treating
poly[(bisphenol A-co-epichlorohydrin)-g-£-toluenesulfonyl carbamate]
(13) with diazomethane in THF.

The product, poly[(bisphenol A-co-

epichlorohydrin)-g-N-methyl-p_-toluenesulfonyl carbamate] (14), had
an infrared spectrum characterized by loss of the N-H absorbance,
lowering of the carbonyl frequency from 1749 to 1739 cm
crease in the S0„ frequency from 1352 to 1370 cm
ance of the N-CH- absorbance at 981 cm

, an in-

, and the appear-

. The latter absorbance

has been noted in this lab on many model compounds and seems quite
characteristic.

The nmr spectrum substantiated the structure in

addition to showing that a minor amount of oxygen methylation had
taken place. The N-methylated product appeared to be more soluble
than its precursor.
Because of available chemicals and the moderate success that
Manecke had with the chloro derivative (8) of Sanger's reagent, the
synthesis of the sulfonyl isocyanate analog of this compound was initiated.

The procedure of Somasekhara et al.

was utilized to

*
Degree of substitution is defined as the number of functional
groups/repeat unit which have reacted.

Thus for polyether (3), the

maximum Degree of Substitution is 1, since only one reactive site
exists in the repeat unit.
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prepare the sulfonyl chloride of 4-chloro-3-nitrobenzene (15) followed by addition of ammonia to give 4-chloro-3-nitrobenzene sulfonamide (16) in 35-50% yield.

Spectroscopic data agreed with the struc-

ture and melting point data were in agreement with the structure and
literature values.

'

The procedure for preparing sulfonyl

isocyanates outlined by Ulrich and Sayigh

was utilized in the

synthesis of 4-chloro-3-nitrobenzenesulfonyl isocyanate (17) from
the sulfonamide (16). Treatment of the sulfonamide with phosgene
in the presence of butyl isocyanate followed by distillation
yielded a clear, yellow oil (66%) that crystallized into a yellow
solid when allowed to cool.

Due to the reactivity of the sulfonyl

isocyanate group, the methyl carbamate (18) was prepared for easier
characterization.

The sulfonyl isocyanate (17) reacted with

methanol at room temperature to give the desired product in quantative yield.

Elemental analysis, infrared, and nmr spectroscopy

verified the structure of (18).
The attachment of the sulfonyl isocyanate (17) to poly(bisphenol A-co-epichlorohydrin) (3) was carried out using a slight excess of the isocyanate.
powder.

Isolation of the product yielded a yellow

The infrared spectrum showed the characteristic major ab-

sorbances due to the sulfonyl carbamate linkage.

Elemental analysis

agreed with the structure and indicated that the D.S. was equal to
0.62.
From the data collected, it appeared that testing could begin
on whether the graft copolymer containing a Sanger's analog would
bind with compounds containing nucleophilic groups.

Unfortunately,
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1) C1S03H

S02NH2

140-150°, 5 hr
35-50%
2) NH,
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NOr
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CI

^5)
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(
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C1CC1
(BuNCO)
175-180°
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0

THF/75

66%

12 hr

(17)

CH30H
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CH,
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n
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repeated efforts to attach the model compounds butyl amine, or
j3-aminobenzoic acid to the reagent (19) were unsuccessful.

A wide

variety of both aqueous and nonaqueous conditions were employed
,

•, ^

u

u J

..,

i

(44,137,138) .

including the methods mentioned by Manecke,
and Conrat.

Abderhalden and Stix

(133)

Sanger,
had found 2,4-dinitro-

chlorobenzene to be unreactive at room tempera Lure toward amino
acids but reactive at elevated temperatures.

The use of higher

temperature in our study was unsuccessful and in some cases led to
cleavage of the carbamate linkage and the production of intractable
resinous materials.

Although successful in preparing the polymeric

derivative of a bifunctional Sanger's analog, due to the inertness
of the leaving group, the synthesis of the fluoro analog of Sanger's
reagent, 4-fluoro-3-nitrobenzenesulfonyl isocyanate, was investigated.

The procedure of Somasekhara

was adapted and used to

\ i°2 NH 2

1) C1S03H

i°2 N H 2

(22)

K CO,/acetone
reflux

S02NHC0Et

N0 2
NH2(-NH3+F~)
(23)
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prepare the sulfonamide.

The precursor sulfonyl chloride could

either be used without purification or distilled to give a clear,
yellow oil that showed characteristic absorbances in the infrared
region for the sulfonyl chloride and nitro groups; elemental analysis confirmed the assigned structure.

Treatment of the sulfonyl

chloride with ammonia gave a bright yellow, high melting solid
whose infrared spectrum showed absorbances characteristic of aniline
derivatives (22). Elemental analysis revealed a much higher nitrogen content than the fluoro analog (21) further indicating that the
fluorine group has been displaced by ammonia.

Residual fluorine in

the elemental analysis is probably due to ammonium fluoride salt
formation.

Repeated attempts to prepare the sulfonyl isocyanate

by phosgenation,

(142 144)
'
led only to intractable resin due to

formation of high boiling ureas. The preparation of the ethyl carbamate (23) of (21) was carried out in order to convert the carbamate to the sulfonyl isocyanate by silylation techniques.
Efforts to detect formation of the isocyanate moiety were unsuccessful.
It appears that the initial hypothesis is correct; the sulfonyl
group is capable of activating the aromatic ring toward nucleophilic substitution.

However, the high activity of the reagent is

leading to side products that are preventing isolation of the desired material.
At this point, it was decided to demonstrate the feasibility
of using a bifunctional reagent containing the sulfonyl isocyanate
functionality for enzyme binding. A sulfonyl isocyanate containing an aroma Lie nitro group should undergo the subsequent reduction
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and chemical modification necessary for enzyme attachment.

The syn-

thesis of 4-nitrobenzenesulfonyl
isocyanate (24) followed that of
enzent
(142)
Ulrich and Sayigh. V"""T"/

Spectroscopic data of both the isocyanate

(24) and methyl carbamate derivative (25) agreed with the literature^14 ' as did the melting point of the latter.

The attachment of

the polyether to the reactive ligand appeared to proceed smoothly.

S02NHCOCH3

S02N=C=0

S0 2 NH 2

CH30H

60°

(BUNCO)

DCB, 180

(25)

(24)

Polyether-OH
(3)
THF
60°, 16 hr

-f

CH,

0-Ar-C-Ar-OCH„CHCH

CH.

pyr,110°, 48 hr
°
> Polyether-OC-Ar-N02
Cl-C-Ar-NO,
(26a)

CH

£

Na

2 S 2°4

MEK/H20

3
-/-0-Ar-C-Ar-0CH2C H C H ^
CH 0

50°

(27)
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Infrared and nmr data substantiated the structure.
indicated that 80% substitution had taken place.

Elemental analysis

To allow a more di-

rect comparison of the effect of the sulfonyl carbamate group on enzyme immobilization, the "model" benzoate ester of the polyether was
prepared.

The synthesis of poly[(bisphenol A-co-epichlorohydrin)-g-

4-nitrobenzoate] (26a) was carried out in pyridine at elevated
temperatures to give a tan powder that showed the characteristic
infrared absorbances for ester derivatives.

Elemental analysis

indicated that complete substitution had taken place.
The reduction of the nitro group in poly[(bisphenol A-coepichlorohydrin)-g-4-nitrobenzenesulfonyl carbamate] (26) proved to
be unexpectedly difficult.

Table (2) outlines the preliminary

investigation of the necessary requirements and precautions pertaining to the reduction.
were tried (#1,2).

At first, rather strong reduction techniques

The majority of syntheses reported in the litera-

ture employing stannous chloride have been carried out in concentrated HC1 on inert molecules while reaction using, phenyl hydrazine
are generally run at elevated temperatures.

'

Both of these

conditions cleaved the ester moiety in the carbamate linkage giving
rise to the polyether "backbone".

It therefore seemed that much less

drastic conditions would have to be used.

Catalytic hydrogenation

has been used to reduce nitro compounds, but it was felt that the
catalysts required would be difficult to remove from the
final product and also poisoning of the catalyst may occur due to
the sulfur present.

The use of sodium dithionite (sodium hydro-

sulfite, Na.,S.,0,) seemed the best method since reduction occurs under

TABLE 2
Investigation of the Conversion of poly[(bisphenol A-co-epichlorohydrin)-g-4-nitrobenzenesulfonyl
carbamate] to poly[(bisphenol-A-co-epichlorohydrin)-g-4-aminobenzenesulfonyl carbamate]

Reducing
Agent

Solvent
System

1

SnCl2

HC1 (coned)

2

0NHNH2

DMSO

3

Na

2 S 2 °4

EtOH

4

Na

2 S 2°4

5N NaOH

5

Na

2 S 2°4

5N NaOH

6

Na

2 S 2 °4

7

Na

8

Expt

Ratio,
Reducing Agent
Substrate.

Temp,
°C

Time,
hr

3/1

70

18

ether

24/1

100

1

ether

2.5/1

65

1

-N0 2

7.3/1

60

1
18

24/1

60

NaHC03/H20

4/1

65

2 S 2 °4

0N/H2O

2/1

90

Na

2 S 2 °4

0N/NaHCO3/H2O

4/1

9

Na

2 S 2°4

0N/NaHCO3/H2O

4/1

65
65

10

Na

2 S 2°4
Na 2 S 2 0 4

0N/NaHCO3/H2O

4/1

HCC13/H20

8/1

11

Product

saltc
salt

0.5
3
0.1

salt

0.5

salt + -NH 2

65

1

salt + -NH 2

60

0.75

-N0„

ether
salt + d -NH2

a.

In these preliminary trials, no attempt was made to quantify the percent recovery of material;
only determination if reduction was taking place was carried out.

b.

Complete cleavage of the ester group had occurred.

c.

Only isolation of the carbamate salt; no evidence for reduction.

d.

Indicates that the product contains the salt plus reduced group.
Ul
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very mild conditions and it has been the reagent of choice for reducing nitro groups in the synthesis of other inert support/reagent
complexes for binding enzymes.

'

The procedures of

Campbell, Cuatrecasas and Axen were tried and the results given in
experiment #'s 3-6.

Even though the reactions are hetereogeneous,

the inertness of the nitro group is surprising since the methods
used have worked well with hydrophobic cellulosic materials. At
no point do the authors isolate and characterize their reduced
compound but proceed onward with the diazotization step.

It was

felt that an effort should be made to actually isolate and verify
the reduction procedure since the amount of enzyme finally bound
would depend in part on the success of the reduction step. Infrared analysis indicated that while salt formation due to the
acidic carbamate hydrogen is readily taking place, no N-H absorption due to reduced nitro groups is present; basic conditions are
generally used to prevent decomposition of the dithionite.

Since

even at high catalyst concentration and long reaction times (#5)
no reduction is occurring, it was felt the problem may be due to
the heterogeneous reaction conditions. Werner

has carried

out dithionite catalyzed reductions in tertiary amines such as pyridine and since the nitro complex is soluble in pyridine, a homogeneous system may yield the desired compound.
7-10 summarize the results.

Experiment #'s

Reaction #7 indicates that the high

temperatures used by Werner (100-160°) are not feasible with the
material since cleavage is occurring even at 90° after three hours.
At. lower temperatures and with additional base In the form of
NallCO.., evidence for reduction is achieved.

However, purification
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of the carbamate salt/reduced amine/inorganic salts material proved
too difficult to make this technique worthwhile. At this point a
method of reduction frequently employed by Fieser^

suggested a

new method of attack.
A two phase system with the compound to be reduced dissolved
in an organic layer (generally ether or chloroform) and the dithionite in an aqueous layer was tried.

Since our material is insoluble

in chloroform or ether, small portions of THF were added to the
HCC1, layer until total homogeneity resulted.
nite solution was then added.

The aqueous dithio-

Unfortunately, as experiment #11

shows, no reduction took place.

Since the two phase system would

lend itself readily to isolation of the uncontaminated product, a
check revealed that methyl ethyl ketone (MEK) is only partially
soluble in water and that the polymeric sulfonyl carbamate is
completely soluble.
system.

Table (3) displays the investigation of this

Partway through this study it was discovered that precipi-

tation of the polymer into petroleum ether (30°-60°) gave a quantitative recovery of material as compared to the use of ethanol.
Initial studies revealed that reduction would take place only after
extended periods of time (#17) when a 2:1 ratio of reducing agent
to nitro substrate was used.

A two-fold increase in dithionite con-

centration (#18-22) gave the reduced material after only one-half hour.
No increase in the pertinent infrared absorbances were noted after
this time; a decrease in the carbonyl intensity was noted however
after the longer reaction periods, indicating that partial hydrolysis
of the sulfonyl carbainaLe linkage was occurring.

Experiment #19
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TABLE 3
Summary of the Experimental Conditions for Converting
poly[(bisphenol A-co-epichlorohydrin)-g-4nitrobenzensulfonyl carbamate] to poly[(bisphenol A-coepichlorohydrin)-g-4-aminobenzenesulfonyl carbamate].

Expt #

a.

Ratio,
Reducing Agent
Substrate

Temp,
°C

Time,
hr

Percent
Recovery

60a

Product

12

Control

50

0

13

Control

50

10

14

2/1

50

0.25

15

2/1

50

1

16

2/1

50

5

100

17

2/1

50

10

80

-NH 2

18

4/1

50

0.5

100

-NH 2

19

4/1

25

1

50

-N02

20

4/1

50'

1

100

-NH 2

21

4/1

50

10

60

-NH 2

22

4/1

75

1

62

ether

23

8/1

50

0.5

100

-NH 2

24

8/1

50

1

100

-NH2

-N02

100

-N02

80

-N02
-N02
-NH 2 (?)

Low yields in this table were obtained when ethanol was used
as the precipitating solvent.
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shows that slightly elevated temperatures are needed to get the reaction to proceed.

Another two-fold increase in catalyst concentra-

tion (#23-24) offered no advantage.

It appears that the MEK/H20

system is the best one in terms of ease of isolation, quantitative
recovery, and reaction time.
Spectral corroboration of the reduced material was based primarily on the infrared [Figures (3 ) , and (4 )] arid substantiated
with the nmr [Figure ( 5 ) ] . The appearance of absorbances at
2.81y(w) 3460 cm

and 2.96y(m) 3378 cm

are typical of aniline

derivatives.

Both the shape (shorter wavelength peak less in-

tense) and frequency of the longer wavelength [u NH(lower frequency
s
component) = 345.53 + 0.876u
3376.49 cm
amines.

NH (higher frequency component) =

] are also characteristic of aryl primary
*

Because the resolution of the NH stretching

region was sometimes poor, a better indication that the reaction
had taken place was the strong NH bending vibration which "grew-in"
at 6.27u(s) 1595 cm

. This absorbancy has a shoulder on its left

side to distinguish it from the "Amide-II" peak in the starting
material and is much stronger in intensity.

Comparison of the nmr

spectrum of the nitro derivative with the reduced material
[Figure (5)] reveals some subtle but important changes.

In the

region of 8.0 ppm is the quartet due to the A„B„ protons on the
residual unreduced nitrophenyl group. At 7.4 ppm is, what appears
to be, the low field doublet of the A 2 B 2 quartet derived from the
protons ortho to the amine.

It is biased to the high field side in-

dicating coupling with what should be the high field protons ortho
to the sulfonyl group.

Decoupling of the low field doublet should

CH 3
C6H4C Car^OCHaCHCH,!CH,

O

c=o
NH

so2
I

NO,

2

3

4

5

6

7

Poly (bisphenol A-co-epichlorohydrin)-4-nitrobenzene sulfonyl carbamate

Figure 3:
Partial infrared spectrum for poly[(bisphenol A-co-epichlorohydrin)-g-4-nitrobenzenesulfonyl carbamate].
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Figure

5:

Nmr spectra of (top-to-bottom) poly(bisphenol A-co-epichlorohydrin),
poly[(bisphenol A-co-epichlorohydrin)-g-4-nitrobenzenesulfonyl carbamate] , poly[(bisphenol A-co-epichlorohydrin)-g-4-aminobenzenesulfonyl carbamate], and 4-aminobenzenesulfonamide.
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collapse the high field pair and this is what is found.

The re-

verse experiment is also shown; collapse is not complete because
the precise frequency of the high field doublet was not irradiated.
As a model system, 4-nitrobenzenesulfonamide was reduced with sodium
dithionite in a MEK/H20 system and the nmr [Figure (5)] is presented
for comparison; the nmr indicates some unreduced starting material
in the sample.
With the reduction of the aryl nitro group successfully accomplished, it now became necessary to modify the amine group so
enzymes could be attached to the support.

It had been the original

intent to diazotize the aryl amine group and couple the enzyme via
an active phenyl group.

Since the carbamate appeared to be quite

hydrophobic in nature, it was felt that the preparation of the amine
hydrochloride (28) would increase the solubility of the support.
However, the extreme hydrophobicity of the material prevented salt
0
II

,-f\»»,

Polyether-OCNHS02-

\

Polyether-0
t

/

(27)
v\
1)

Glutaraldehyde/Buffer

QL8>

pH 7.0
2) Trypsin or Thrombin
Buffer pH 7 . 0
Buffer
0
II

Trypsin

pH 7.0

«f>

Polyether-OCNHSO 2 -i
\

<S>

/

y-GLU-Trypsin or
-Thrombin

No A c t i v i t y
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formation in aqueous media; utilization of homogeneous media led to
cleavage of the carbamate linkage.

At this point, the preparation

of the amine salt was abandoned in favor of a more direct approach
to the diazonium salt as described by Papanastassiou et al.
The authors utilized direct addition of i-amyl nitrite to a solution
of amine in trifluoroacetic acid and chloroform.
carried out on both polymeric films and powder.

This procedure was
In both cases, upon

addition of the nitrite, the materials turned an orange-brown in
color.

After washing with water and drying, the film was examined

with infrared.
at 2278 cm

Although poorly resolved, the appearance of a peak

indicates the presence of the diazonium group.

'

Treatment of the product with a saturated solution of 8-naphthol led
to the formation of a highly colored red material.
change has been noted by other workers

This color

(152)
' who have used 8-naphthol

to block unreacted diazo groups following enzyme coupling.

Attempts

to covalently bind the diazotized support to trypsin in both an
aqueous and mixed solvent system (DMF/H20) were not successful.

The

enzyme appeared to be only absorbed on the surface as several washings rendered the material inert to esterlytic activity toward TAME.
Because the diazonium group did not appear to be very reactive
under the conditions employed, the use of glutaraldehyde (30) to
bind the enzyme to the aryl amine seemed to be a good second choice.
The use of the dialdehyde to insolubilize the enzyme itself
and to bind the enzyme to ethylamino cellulose
scribed in the literature.

(12 159)
'

has been de-

Although glutaraldehyde is structurally

a simple molecule, its exact structure in aqueous media is complex
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and seems to depend on concentration and pH.
sonance studies by Richards and Knowles'

Nuclear magnetic re-

' indicated that the

widely used commercial solution (25-50% aqueous) contained significant amounts of a,B-unsaturated aldehydes (31) due to aldol condensation reactions. However, work by Hardy et al.

' with nmr

and UV indicated that the unsaturated compounds were present in

n
n

^Cs A
0

0

II

ti

HCCH2CH2CH2CH

—
D

- 2°

CH(OD).

V

DO

(30)

(D0)2CH

CHO

+D„0

CHO

CH(0D)2

CHO

CHO

E-NH.

^ C H ^ C H ^ C H ^

"

CH
NH-E

(31)

(32)

NH-E

only minor amounts in neutral media and the dialdehyde exists as
the three hydrates shown. Molecular weight measurements in neutral
solution showed no increase thus eliminating polymerization.
and co-workers^

Hardy

' did find evidence for the unsaturated species

(31) in weakly alkaline solutions (pH 8).

Richards et al.

pro-

pose a Michael type addition of the amino groups to the a,B-unsaturated polymer to give (32) while Hardy et a l /
hyde (30) or the hydrates are responsible.

feel the dialde-

It appears that the pH
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is a vital controlling factor in determining the mode of addition
of the proteins.

Studies by others

'

concerning the addition

products have shown the amino acids lysine, tyrosine, histidine and
cysteine play the major role in the reaction with glutaraldehyde.
The addition of an excess of glutaraldehyde In neutral media
to the polyether sulfonyl carbamate (27) followed by reaction with
trypsin appears to have been successful.

The very hydrophobic

carbamate seemed to swell slightly upon addition of the aldehyde;
a very fine dispersion soon arises.

After the initial reaction,

the excess glutaraldehyde was washed out with buffer and the enzyme
was allowed to react at 0° overnight.

Repetitive washings were

carried out until the wash showed no activity toward TAME.

The

suspension was stored in pH 8 borate buffer at 4°. Essentially
the same procedure was followed with the enzyme thrombin.

The

immobilized enzymes were then tested for their esterlytic activity
and the results are described under the appropriate heading.

C.

Esterlytic Activity of Polyether Immobilized Enzyme Systems
Trypsin CVB poly[(bisphenol A-co-epichlorohydrin)-g-4aminobenzenesulfonyl carbamate]
The pale yellow suspension of trypsin CVB poly[(bisphenol

A-co-epichlorohydrin)-g-4-aminobenzenesulfonyl carbamate] (29) was
analyzed for its esterlytic activity utilizing the substrate
a-N-p_-toluenesulfonyl-L-arginine methyl ester (TAME).

Figures ( 6 )

and ( 7 ) show the Michaelis-Menten and Woolf Plots for the material.
Comparison with the data obtained for native trypsin [Figures (27)
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TABLE 4
Esterase Activity of Trypsin CVB
Polyether Sulfonyl Carbamate Toward TAME

TAME?
ml

a.

[S],
mM

•0

umol\
mlny

VjJmoL_\
\ min-mgy

[S]/v,
min/£ x 10

0.01

0.88

0.03

1.5

29.4

0.10

8.0

0.13

6.5

62.5

0.20

14.5

0.17

8.5

83.3

0.40

24.6

0.24

12.0

100.0

0.70

35.0

0.27

13.5

125.0

2.00

55.2

0.33

16.5

167.0

System consists of 0.2 ml[0.01 M] CaCl2, 0.6 ml[0.025 M]
borate buffer pH = 8.0, 0.1 ml (0.15 mg) of immobilized
trypsin and X ml of TAME[0.08 M], equilibrated at 23°.

J

50 m M
Figure 6 :
Michaelis-Menten curve for trypsin CVB polyether sulfonyl carbamate. Reaction conditions are
summarized in Table 4.
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—

Figure 7 :
Woolf Plot for trypsin CVB polyether sulfonyl carbamate. Reaction conditions are summarized
ir. Table 4.

and (28) i n

th

e Appendix] show that a substantial reduction in re-

action velocity has occurred when the enzyme is attached to the
carbamate. V
(app) was found to be 23.0 ± 2.0 umol/min-mg whereas
max r r
the free trypsin showed an activity of 342.1 ± 19.7 ymol/min-mg.
The Michaelis constant K (app) for the bound trypsin was
-•3

(22.2 ± 3.4) x 10

M.

This increase is reasonable since the enzyme

particles are surrounded by an unstirred layer of solvent and hence
a concentration gradient is established across the motionless layer;
saturation will thus occur at greater substrate concentrations than
with the easily accessible soluble enzyme.

(34)

Amino acid analysis

indicated that the specific activity of the bound trypsin ranges
from 2.0-4.4% which is rather low.

It is apparent that the binding

of an enzyme to a bifunctional derivative containing the sulfonyl
carbamate group has been successful and that the immobilized enzyme
has retained some of its activity.

A study showing the dependence

of the bound trypsin's activity on the pH of the bulk solution is
shown in Figure ( 8 ) . The curves for both free and immobilized
trypsin almost coincide although the immobilized material appears
to be more active in basic media than is the free enzyme. An increase in the anionic character of the support due to the ionization of the acidic sulfonyl carbamate linkage
this stability.

(139)

may account for

The storage stability of the covalently attached

trypsin is shown in Figure ( 9 ) . The retention of activity for the
bound trypsin was definitely enhanced over a period of 3 months
relative to the native trypsin.

The attached enzyme retained

approximately 40% of its original activity after 3 months whereas
free trypsin had retained ca. 25% over the same period.
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TABLE 5
pH Dependence of Trypsin CVB Polyether Sulfonyl Carbamate
Toward ct-N-j>-Toluenesulf onyl-L-arginine methyl ester (TAME).

PH8

»'(?=)

min-mgy

Percent of the
Maximum Activity

6.90

0.03

1.5

18.8

7.13

0.05

2.5

31.0

7.29

0.06

3.0

38.0

7.64

0.11

5.5

69.0

8.00

0.12

6.0

75.0

8.66

0.16

8.0

100.0

8.84

0.14

7.0

88.0

9.71

0.13

6.5

81.0

11.60

0.09

4.5

56.0

System consists of 0.2 ml[0.01 M] CaCl2, 0.6 ml[0.025 M]
borate buffer, 0.2 ml[0.08 M] TAME and 0.1 ml (0.15 mg)
immobilized trypsin equilibrated at 23°.

Figure 8 :
pH Activity Curve for free trypsin (.x) and trypsin CVB polyether sulfonyl carbamate (•),
Reaction conditions are summarized in Tables 5 and 18.
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Figure 9 :
Stability of free trypsin (•) and trypsin CVB polyether sulfonyl carbamate ( x ) stored at 4° in pH 8.0
[0.025 M] borate buffer.
•*j
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Thrombin CVB poly[(bisphenol A-co-epichlorohydrin)-g-4aminobenzenesulfonyl carbamate]
Although many different types of enzymes have been bound by
various methods to insoluble supports, relatively few papers have
dealt with the binding of thrombin. Alexander and co-workers
have covalently attached thrombin to a diazotized copolymer of
£-amino-DL-phenylalanine-L-leucine and have measured its activity.
They found that the TAME esterlytic activity had been reduced to
15% that of free thrombin and that the clotting activity averaged
around 3% of the native thrombin. The stability of the imniobilized
thrombin was greatly enhanced relative to free thrombin; esterlytic
activity (66%) and clotting activity (35%) after 60 weeks relative
to 25% and 5% respectively for native thrombin after approximately
6 weeks. The initial attempt at binding thrombin to polyftBisphenol
A-co-epichlorohydrin)-g-4-aminobenzenesulfonyl carbamate] (29) has
produced a material that is comparable to Alexander's in terms of
esterlytic activity toward TAME. The experimental procedure with
regard to attachment seemed to go smoothly although the average particle size was larger than that of the previously prepared immo(R)
bilized trypsin. The kinetic results for the native Park-Davisv '
thrombin are shown on Table (19) and Figures (29) and (30), in the
Appendix. The Michaelis constants of (3.8 ± 1.1) x 10
0.046 ± 0.025 umol/min for K

and V

M and

respectively compare well

with those observed by Sherry & Troll^ 167 ' (K = 4.3 x 10~ 3 M,
V
= 0.44 ymol/min) for the action of thrombin on TAME. The
max
experimental data for the hydrolysis of TAME by immobilized thrombin
is given in Table (6) and Figures (10) and (11). Again, like bound
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TABLE 6
Esterase Activity of Thrombin
CVB Polyether Sulfonyl Carbamate Toward TAME

TAME3
ml

[S],
mM

0.08

0.010

0.10

5.6
7.3

0.30

18.5

0.051

0.50

26.7

0.054

1.00

40.0

0.057

-OS)
0.037

[S]/v, min/l

x 10"°

540
197
363
494
702

a.' System consists of 0.8 ml[0.025 M] borate buffer pH 8.0,
0.2 ml immobilized thrombin suspension, X ml TAME [0.08 M]
equilibrated at 23°.

.06 r

t
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E E

50 m M

—[S]Figure 10:
Michaelis-Menten curve for thrombin CVB polyether sulfonyl carbamate. Reaction conditions are
sunmarized in Table 6.

800r

r

xlO3
400
Km(app) = 5.23xl0 3 M
200

~Z

Vmax(app) = 0.064

10

20

-[si

40

»?^
mm
J

50 mM

Figure U :
Woolf Plot for thrombin CVB polyether sulfonyl carbamate.

Reaction conditions are summarized

in Table 6.
in

76
trypsin, one sees an increase in K

due to the boundary layer sur-

rounding the suspended particles, although the relative increase
(1.4 times) is not as dramatic as that for trypsin.
Jr

V
(app) is
max r r

approximately 14% that of free thrombin compared to the 15% obtained
by Alexander.

5

>1 6 °)

Tfce

stability of the immobilized thrombin

was not good; essentially all of activity was gone after 30 days
storage in pH 8 buffer at 4°, The immobilized thrombin retained
its ability to clot a fibrinogen solution. Figure (12) shows the
(R)
clotting time for the Park-Davis
thrombin. The polyether bound
thrombin (29) clotted the fibrinogen solution in ca. 300 seconds.
The following conclusions can be drawn concerning enzyme immobilization on polyether supports containing sulfonyl carbamate
moieties:

(1) although hydrophobic, the poly(hydroxy ether)

can be chemically modified to allow covalent coupling of enzymes
with retention of their activity; (2) the sulfonyl isocyanate functionality can be used to attach enzyme binding ligands to an inert
support; (3) the binding capacity of the polyether is good although
the specific activity is low; (4) the Michaelis constant, K (app),
is increased for both trypsin and thrombin indicating the presence
of a boundary layer; (5) hemostatic action of bound thrombin is retained; (6) the pH activity profile shows greater retention of
activity in basic media due to sulfonyl carbamate salt formation;
(7) storage stability of trypsin is enhanced over a 3 month period
while thrombin lost all activity after one month.
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D.

Esterlytic Activity of Fibrin Immobilized Enzyme Systems
Adsorption of C-14 Labeled Trypsin on Fibrin
Before the covalent coupling of trypsin to fibrin with glutaral-

dehyde was undertaken, it was felt that a control experiment should
be carried out to establish the amount of C-14 labeled trypsin
that would be adsorbed on the surface of the fibrin.

Although

glutaraldehyde tends to coagulate the soft, gel-like fibrin into
more discrete particles, it would be unreasonable to assume that
during the process of covalent coupling no adsorption or entrapment is taking place.

This subtle, but quite important point

seems to have received little attention by workers even when quite
soft materials such as the polyacrylamide or Sephadex
used.

(R)

gels are

Adsorption studies were carried out by coupling the glutaral-

dehyde to fibrin in exactly the same fashion as would be used for
the enzyme binding experiments.

The reactive aldehyde groups were

terminated by the addition of either excess sodium bisulfite or
methyl amine. A control with glutaraldehyde alone showed an immediate reaction indicated by the precipitation of the colored addition
products.

In the case of the fibrin-glutaraldehyde adduct, the sus-

pension turned pale yellow or orange-tan when sodium bisulfite or
methyl amine were used respectively.

The excess reagent was washed

out, followed by addition of the C-14 labeled trypsin.

The utiliza-

tion of this labeling method is explained more fully in the following
section concerning the covalent attachment of the enzyme to fibrin.
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After coupling, the suspension was washed in the same manner and as
many times as in the covalent binding experiments.

The amount of

radioactive trypsin was determined by the method outlined in the
Experimental.

It was found that an average of 0.165 ± 0.001 mg

trypsin/mg fibrin was adsorbed that showed an average activity of
187.55 ± 27.37 ymol/min-mg.

Thus, even though the surface of the

swollen fibrin particles have been washed thoroughly, the residual
adsorbed enzyme remains active and can account for a significant
portion of the overall activity of the "covalently" immobilized
trypsin described in the following section.

Trypsin, C-14 Trypsin or Thrombin CVB Fibrin via Glutaraldehyde
This kinetic study was undertaken to answer the following questions:

(1) can enzymes be covalently attached to fibrin and still

retain their activity; (2) what is the binding capacity of fibrin;
(3) what is the effect of binding on the Michaelis constant, K ,
relative to the free enzyme; (4) does the pH activity profile change
for enzymes bound to fibrin; and (5) are the attached enzymes stable
over long periods of time?
The initial studies pertaining to the coupling of trypsin and
thrombin to the fibrin foam and membrane are shown in Tables (7)
and (8), Figures (13-\L6), and Figures (3K36) in the Appendix.

The

figures show the Woolf Plot with the 90% confidence limits superimposed on the data accompanied by the Michaelis-Menten curve below
each plot.

The drawn curves are theoretical and are based on the

values obtained for K

(app) and V

(app) from the Woolf Plot.

TABLE 7
Summary of the Michaelis Constants
for the Trypsin CVB Fibrin System

Support/enzyme

Enzyme to
fibrin feed
ratio

Fibrin/Trypsin
(343-33A)

1:1

Fibrin/Trypsin
(343-31A)

1:1

Fibrin Membrane/
Trypsin
(343-32A)
Fibrin/14C-Trypsin
(343-42-2)

Free Trypsin

Coupling
reaction
time,
hr

Bound
enzyme

K

mg/g (%)

[mM]

(app)

m,

V
(app)
max, r r
y moles
min(mg)

—

3.88 + 1.18

2.42 ± 0.21

16

-

6.32 + 1.60

2.85 ± 0.32

1:1

16

.

4.09 ± 1.42

0.18 ± 0.01

10:1

16

-

0.25

-

24.0 ± 1..0
(24.0 ± 1..0)
-

2.57 ± 0.92
5.00 ± 1.29

2.34 ± 0.16
(234. ± 16. )
1.55 ± 0.09
(342.11 ±18.64)

TABLE 8
Summary of the Michaelis Constants
for the Thrombin CVB Fibrin System

Support/enzyme

Enzyme to
fibrin feed
ratio

Reaction
time,
hr

K (app)
[mM]

V
(app)
max r r ,
ymol
min(mg)

3.36 ± 1.39

0.19 ± 0.02

Thrombin/FIbrin
(343-33B)

1:1

Thrombin/Fibrin
(343-31B)

1:1

16

4.55 ± 1.47

0.15 ± 0.01

1:1

16

No
Measurable
Activity

No
Measurable
. Activity

—

-

Thrombin/Fibrin
Membrane
(343-32B)
Free Thrombin

0.25

3.80 ± 1.10

0.46 ± 0.03
(1.85 ± 0.10)
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20r-

Km=3.88±1.18mM
Vmax=2.42 ±0.21 umoles
mm
30

i

40 mM
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Trypsin CVB Fibrin
(343-33A)
J

40 mM

-CsJ-

Figure 13:
Woolf Plot (upper) and Michaelis-Menten curve (lower) for trypsin
CVB fibrin (343-33A).
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Figure 14:
Normalized Lineweaver-Burk Plot (upper) and Normalized MichaelisMenten curve (lower) for free trypsin (A) and trypsin CVB fibrin
(•) (343-33A).
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Figure 15:
Woolf Plot (upper) and Michaelis-Menten curve (lower) for thrombin
CVB fibrin (343-33B).
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Figure 16:
Normalized Lineweaver-Burk Plot (upper) and Normalized MichaelisMenten curve (lower) for free thrombin (A) and thrombin CVB fibrin
(•) (343-33B).
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Also shown are the corresponding normalized plots so that a better
comparison can be made between the bound and free enzyme.

The ex-

tent of the reaction time for the coupling procedure appears to have
little effect on the values for K (app).

A comparison of the

K (app) values for trypsin bound to fibrin foam (343-33A, -31A) and
for thrombin (343-33B, -31B) show a decrease in K (app) when the
coupling procedure is carried out for 15 min compared to 16 hr.
One could speculate that the layer of enzyme being built up onto
the fibrin particles is smaller and more porous thus allowing for
better diffusion of the substrate through and onto the enzyme, but
caution must be used since many other factors are involved.
The effect of immobilization on V
(app) is difficult to judge
max r r
since the amount of bound enzyme is unknown thus making a comparison
to the native enzyme difficult.

The binding of trypsin to fibrin

membrane produced an active material with a K (app) of the same
magnitude as in the case of the fibrin foam.

Since the membrane is

quite easy to wash, it is hard to conceive of any trypsin being
merely absorbed on the surface.

The membrane immobilized trypsin

seems to show a much lower value for the maximum velocity, but
again, without knowledge of the amount of enzyme bound, no definite
statements can be made; one would theorize that the surface area
being much smaller than the foam would give rise to a larger
V

(app), but then this effect may be nullified by a larger boundary

layer in the case of the membrane.

The immobilization of thrombin

onto the membrane led to a material that showed no uptake of caustic
when analyzed with TAME as the substrate over a 20 min period.
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This was not surprising in view of the fact that the V
for
max
free thrombin is not very large, thus making any significant loss
in activity hard to detect over a reasonable period of time.
The analysis of the bound enzymes esterase activity seems to
follow, or at least approximate, Michaelis-Menten kinetics toward
the substrate TAME up to a concentration of 30 mM.

At higher

concentrations, there appears to be a decrease in the reaction
velocity [Figures (13,16) and Figure (31) in the Appendix] for
trypsin and in one of the cases for thrombin [Figure (15)].
Whether this non-correspondence is due to substrate inhibition or
some other type is not known,

and it is beyond the intended

scope of this investigation to proceed along these lines. The
attachment of trypsin to the fibrin membrane showed no inhibition at
high substrate concentration; perhaps a necessary conformation or
site of the polypeptide support and/or the enzyme for inhibition is
no longer available.

A subtle change in the tertiary structure of

the support, possible with the foam, may no longer be achievable
for the membrane, in the slightly basic media.
Examination of the data at this point showed many gaps that
could be closed if the amount of bound enzyme could be determined.
The usual method of determining the amount of bound enzyme, via
acid hydrolysis followed by amino acid analysis could not be used
since the support is also a polypeptide; for the same reason elemental nitrogen analysis was not feasible.
to be by labeling experiments.
Wilzbach

The choice left seemed

Although the method described by

for tritium labeling of compounds by exposure to

tritium gas for several days would have been the method of choice,
the lack of proper facilities and the protocol time factor involved
would have caused unnecessary delay; also tritium exchange may have
presented problems.

It seemed feasible to try another approach;

the labeling of the enzyme with a small radioactive molecule - such
as formaldehyde.

If a small amount of the formaldehyde could be

attached to the enzyme, thus leaving many of the reactive functional groups still intact, the activity of a known amount of enzyme
could be measured and hence correlated with the labeled activity of
the support-enzyme complex.

This would allow the weight of the im-

mobilized enzyme to be calculated thus allowing a better comparison
of the bound enzymes esterlytic activity to that of an equal amount
of the native enzyme.
In order to better design the labeling experiment, it was found
necessary to carry through a theoretical calculation based on:
(1) the initial amount of radioactive formaldehyde added; (2) the
concentration of enzyme being labeled; (3) the amount of labeled enzyme being reacted with the support; (4) the amount of enzyme that
possibly could be bound (1-150%) based on the weight of support being used; and (5) the sample size to be analyzed - hence the concentration of radioactivity of items (1) thru (4). It was also necessary to keep in mind the many other kinetic tests to be run on the
immobilized enzyme; one could not use all of the prepared sample to
determine the amount of bound enzyme. These calculations as well as
the attachment of the labeled trypsin to fibrin are described more
fully in the Experimental section.

Briefly, to four 50 mg samples
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of activated fibrin (fibrin treated with glutaraldehyde) in 1 ml
[1.0 M] phosphate buffer (pH 7.0) was added 20 ul(2 mg), 50 ul(5 mg),
100 yl(10 mg) and 200 yl(20 mg) respectively of the labeled trypsin.
The coupling reaction was carried out over a 16 hr time period
followed by washing the excess labeled trypsin from the bound enzyme.
In order to ascertain when washing was complete, 500 yl aliquots of
each wash were analyzed for radioactivity and the results are shown
in Table (9). The amount of radioactivity has been reduced to that
of the background after 8 washes even in the case of the most radioactive sample.

Thus, any measured radioactivity of the suspension

following the washings will be due to covalently attached and/or
absorbed enzyme only.

The bound trypsin slurry was diluted to a

known volume and 200 yl samples were oxidized and analyzed for
carbon-14.
A summary of the amount of trypsin bound to each fibrin system
is shown in Table (10). A comparison of the first two columns shows
that as the amount on a weight basis, of labeled trypsin in the feed
increases, the amount of covalently attached enzyme also increases
indicating that the binding capacity has yet to be reached and would
require an increase in the amount of enzyme added in the coupling
step.

However, a calculation of the coupling yield based on the

amount of enzyme added and tabulated in the third column shows a
constant yield in the area of 20-30% rather than the expected, in
light of columns (1) and (2), large initial coupling yield followed
by a decrease as the capacity of the enzyme is approached.

This

dichotomy could possibly be answered if the .solubility ol Liu; fibrin

TABLE 9
Radioactivity of the Supernatant Following Eight
Washings of the C-14 Labeled Trypsin CVB Fibrin Systems

A.

2.0 mg C-14 Trypsin

B.

ADDED TO 50 mg FIBRIN

C.

5.0 mg C-14 Trypsin
ADDED TO 50 mg FIBRIN

Wash //

DPM/500 yl

Wash It

1
2
3
4
5
6
7
8

5 ,551.8 ± 0.71%

1
2
3
4
5
6
7
8

± 0.73
± 0.85
± 1.58
± 2.42
± 2.57
3.9 ± 5.35
1.0 ±10.6

636.7
154.6
45.8
19.6
16.9

10.0 mg C-14 Trypsin

d.

DPM/500 yl
11,271.9
2,353.6
633.9
121.6
61.3
47.5
13.3
7.7

±
±
±
±
±
±
±
±

0.71%
0.71
0.73
0.97
1.37
1.53
2.93
3.82

20.0 mg C-14 Trypsin

ADDED TO 50 mg FIBRIN

ADDED TO 50 mg FIBRIN

Wash //

Wash //

DPM/500 yl

1
2
3
4
5
6
7
8

51,022.0 ± 0.71%
7,962.1 ± 0.71
2,133.4 ± 0.71

1
2
3
4
5
6
7
8

DPM/500 yl
19,680.2
5,190.1
1,380.3
269.7
121.9
71.0
15.3
13.9

±
±
±
±
±
±
±
±

0.71%
0.71
0.71
0.73
0.87
0.87
1.66
1.76

509.3
154.3
148.9
41.1
36.5

±
±
±
±
+

0.73
0.87
0.87
1.66
1.76

TABLE 10
Summary of the Binding Capacity
of Fibrin Toward C-14 Labeled Trypsin

Trypsin CVB
Fibrin System

Amount of C-14 Trypsin
Added to 50 mg Fibrin,
mg

Amount of
Coupling
Attached Enzyme, Yield,
mg/50 mg fibrin
%

Covalently
Bound Enzyme,
mg/50 mg fibrin

Coupling
Yield,
%

C-14 Trypsin/Fibrin
(343-42-1)

0.55 ± 0.02

27.5 ± 0.8

0.15 ± 0.06

7.6 ± 2.7

C-14 Trypsin/Fibrin
(343-42-2)

1.20 ± 0.05

24.0 ± 1.0

0.33 ± 0.12

6.6 ± 2.4

0.67 ± 0.25

6.7 ± 2.4

1.17 ± 0.44

5.8 ± 2.2

C-14 Trypsin/Fibrin
(343-42-3)

10

2.43 ± 0.12

24.3 ± 1.2

C-14 Trypsin/Fibrin
(343-42-4)

20

4.22 ± 0.40

21.1 ± 2.0

-

(1) Adsorbed plus covalently bound enzyme.
(2) Based on total weight of adsorbed plus covalently bound enzyme.
(3) Based on 27.75 ± 10.2% covalently attached enzyme.
(4) Based on amount of covalently attached enzyme.
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network was being increased (or, more likely, swelling was occurring) slightly by the enzyme being bound to the support thus uncovering new surfaces that could bind more enzyme but whose capacity
remains the same. This seems reasonable in light of the highly
complex tertiary structures of the polypeptides and their susceptibility to subtle changes in their environment.

One would predict

with our system that as the degree of swelling decreases, the binding capacity of the support will be approached.

Further studies

should indicate whether this is true or not. The amount of covalently attached enzyme - based on the adsorption experiment - is shown
in the last two columns. The weight of bound enzyme is comparable
to that reported in the literature

'

and, although the coupling

yield is lower, the retention of very good esterlytic activity precludes the necessity of immobilizing excessive amounts of enzyme.
The analysis of the labeled trypsin CVB fibrin systems activity
toward TAME was carried out and the results are shown in Table (11).
It was immediately apparent that the bound enzyme had retained a
good deal of its activity especially when the rates were based on
the amount of attached enzyme. The fibrin support that has the
least amount of trypsin bound to it is the most active with a tapering off in activity as more trypsin is attached.

This inverse re-

lationship is not unique and has been observed for a-chymotrypsin
A

•

and papain on agarose.

(35,41,170-173)

_

.

,

Perhaps, in our case, it is

brought about by the inaccessibility of the post-initially attached
enzyme on the increasingly swollen fibrin particles toward substrate
molecules.
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TABLE 11
Esterase Activity of C-14
Trypsin CVB Fibrin Toward TAME

Expt.

la

<^J

4d

1.27 ± 0.26

297.7
331.1

1.85

185.0
1.92 ± 0.07

192.0

1.99

199.0

3.43

171.5

3.63

3.59 ± 0.14

181.5

3.70

185.0

2.88

82.3

2.47

X ± s

217.8

1.49

1.92

3C

\mln-mg/

0.98
1.34

2b

X ± s

2.62 ± 0.22

2.52

70.6

282.2 ± 57.8

192.0 ±

179.5 ± 7.0

74.9

± 6.3

72.0

a.

Contains

4.5 yg immobilized trypsin.

b.

Contains 10

yg immobilized trypsin.

c.

Contains 20

yg immobilized trypsin.

d.

Contains 35

yg immobilized trypsin.

e.

The activities were determined at 23° at pH 8.0 with 0.10 ml
TAME [0.08 M ] , 0.6 ml[0.025 M] borate buffer, 0.2 ml[0.01 M]
CaCl2 and 0.1 ml aliquot C-14 trypsin CVB fibrin solution in
pH 8.0 [0.025 M] borate buffer.

7.0

94
Examination of the covalently attached enzymes activity as
a function of substrate concentration in Table (12) and Figures
(17) and (18) show qualitative adherence to Michaelis-Menten kinetics
up to a substrate concentration of 30 mM.

Values for K (app) and

V
(app) for the total amount of immobilized trypsin
were calcuJe
maxv vv
lated to be 2.57 ± 0.92 mM and 234.0 ± 16.0 ymol/min-mg respectively
[Table (7)]. These values compare well with those obtained iTor the
unlabeled covalently attached trypsin.

Again, very little work

has been done concerning the correlation of K (app) values with the
native enzymes due to the many subtle variables involved:

rate of

stirring, pH, physical size of the enzyme-support particles, solubility, and the ionic nature of the carrier.
Zaborsky

In addition to these,

lists 14 references to workers who have determined

Michaelis constants for the immobilized enzyme that is equal to or
less than the native enzyme.
Beyond a substrate concentration of 30 mM, again, as previously
noted for the unlabeled systems, inhibition is taking place leading
to a decrease in activity.

This is in contrast to the native

enzyme [Figure (27)] which shows no indication of retardation.
At this point it would be of interest to determine the relationship between the attached labeled enzymes esterlytic activity and
the activity of an equal amount of the labeled trypsin.
lation is fully described in the Experimental section.

This calcuThe activity

of the labeled trypsin is shown in Table (13) and Figures (19-20) and
the comparison between the immobilized and free labeled trypsin is
shown in Table (14). An initial examination of the activity seems
to iiulictlo a j're.it enhancement in the relative veLor. ity of the

TABLE 12
Esterlytic Activity of C-14 Trypsin
CVB Fibrin as a Function of Substrate (TAME) Concentration

[s],a
mM

0.88
1.74
4.20

ts]:1
l/mol

1136.
588.2
238.0

[S] x 1 0 - 3

"'(*=£)

/ymol

[S] x 1 0 " 3

v

\min-mgy
«

v

/ymol N
\min-mgy

0.49

+

0.10

1.80

+

0.37

49.0 ± 10.2

3 2 . 3 ± 6.7

0.81

+

0.15

2.15

+

0.40

81.0 ± 15.0

3 8 . 9 ± 7.2

1.61

+

2.61

+

0.09

161.0

±

5.8

4 7 . 2 ± 1.6

0.07

3.73

+

0.16

165.0

±

7.1

67.5 ± 2.9

0.06

6.15

162.6

1.65

+

8.00

125.0

1.85

+

0.11

4.32

+

0.25

185.0 ± 10.8

78.2 + 4.5

14.5

69.0

2.12

+

0.27

6.84

+

0.88

212.0 ± 27.2

1 2 3 . 8 ± 1.6

28.6

35.0

2.10

+

0.14

13.62

+

0.90

210.0 ± 13.9

246.5 ± 1.6

1.97

+

0.10

17.77

+

0.87

197.0

±

9.6

321.6 ± 1.6

0.04

26.15

+

0.68

161.0

± 4.2

4 7 3 . 3 + 1.2

0.18

35.80

+

0.42

154.0 + 18.0

648.0 ± 7 . 6

35.0

28.6

42.1

23.8

1.61

+

55.2

18.1

1.54

+

The esterase activity of C-14 trypsin CVB fibrin as a function of substrate concentration (TAME)
was carried out at 23° on 0.6 ml[0.025 M] borate buffer, 0.2 ml[0.01 M] CaCl„, 0.1 ml aliquot
C-14 trypsin CVB fibrin and X ml of TAME [0.08 M ] .

Three kinetic runs were determined at each

substrate concentration.
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Figure 17:
Woolf Plot (upper) and Michaelis-Menten curve (lower) for C-14
labeled trypsin CVB fibrin (343-42-2),
summarized in Table 12.

Reaction conditions are

6
5
4
X

a

3

>
i

2

E

1

l/[s]xlO"?mM

50 mM

Figure 18:
Normalized Lineweaver-Burk Plot (upper) and Normalized MichaelisMenten curve (lower) for free trypsin (A) and C-14 labeled trypsin
CVB fibrin (•) (343-42-2).
Table 12.

Reaction conditions are summarized in
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TABLE 13
Esterlytic Activity of
C-14 Labeled Trypsin Toward TAME

C-14 Trypsin.

, ( « $

i*.

» (jg-)

S.

yg
1.03
10

20

50

120

0.99

103.0
0.91 ± 0.16

98.7

0.74

74.0

1.60

80.0

1.81

1.78 ± 0.17

90.5

1.93

96.5

3.54

70.8

4.23

3.91 ±0.35

84.6

3.95

79.0

6.44

53.7

6.72
6,58

6.58 ± 0.14

56.0

91.9 ± 15.7

89.0 ± 8.4

78.1 ± 6.9

54.8 ± 1.2

54.8

a. The activity of C-14 trypsin toward TAME was determined at 23°
with 0.6 ml[0.025 M] borate buffer (pH 8.0), 0.2 ml[0.01 M]
CaCI™, 0.1 ml[0.08 M] TAME and addition of measured aliquots
of C-14 labeled trypsin.

lO.Or
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12

— C-14 labeled Trypsin (mgxlO 2 )Figure 19:
Relationship between velocity per milligram of labeled trypsin and amount of C-14 labeled trypsin.
Reaction conditions are summarized in Table 13.
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Figure 20:
Relationship between velocity of ester hydrolysis (TAME) and amount
of C-14 labeled trypsin.
Table 13.

Reaction conditions are summarized in

TABLE 14
Comparison of the Esterase Activity
of C-14 Trypsin CVB Fibrin to Free Trypsin

Trypsin CVB Fibrin
System

Apparent
pH Optimum

Bound
Enzyme,

Activity
u m o i/ m i n _ m g

Activity Ratio
Bound to Labeled Enzyme,

4.5

282.2 ± 57.8

302.1 ± 174.0

C-14 Trypsin/Fibrin
(343-42-1)

8.0

C-14 Trypsin/Fibrin
(343-42-2)

8.0

10

192.0 ± 7.0

209.6 ± 50.5

C-14 Trypsin/Fibrin
(343-42-3)

8.0

20

179.5 ± 7.0

203.3 ± 22.2

C-14 Trypsin/Fibrin
(343-42-4)

8.0

35

74.9 ± 6.3

a.

84.8 ±

8.0

Esterase activity determined by hydrolysis of a-N-j^-toluenesulfonyl-L-arginine methyl ester
(TAME).
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attached enzyme.

However, at this point it becomes necessary to

take into account the amount of adsorbed trypsin.

The adsorption

experiments indicated that 27.8 ± 10.2% of the attached enzyme
was covalently bound while the remainder was adsorbed on
the surface of the fibrin particles. Applying these results to
the activities in Table (14) leads to a substantial reduction in the
relative activity [Table (15)].

The relative activity based on an

equal concentration of C-14 labeled trypsin ranges from ca. 24 to
84% depending on the amount of covalently attached enzyme.

A com-

parison with the esterase activity of equal amounts of free trypsin
is shown in the last column; the values extend from ca. 8 to 22%.
Thus, even when compared to the native enzyme, the covalently
attached trypsin on fibrin has retained a substantial amount of its
activity.

A comparison in the activity of the labeled trypsin with

free trypsin indicates that approximately 60% loss in activity
occurs due to the labeling process itself.
To insure that a comparison was not being drawn between two
materials (bound labeled trypsin and labeled trypsin) that had a
large difference in their pH optimum, a study of the various systems esterlytic activity at different pH values was undertaken and
the results shown in Tables (20-25) and Figures (37-39) in the
Appendix.

It is perhaps easiest to see a summary of the results

displayed in Figure (28). Within experimental error, our previous
comparison between the activities of the covalently bound labeled
trypsin and the labeled trypsin should be a good one since they both
show a pH optimum plateau in the region of 8-8.4.

The overall ac-

tivity curve of the attached trypsin appears to have shifted

TABLE 15
Summary of the Relative Esterase Activities of
Adsorbed vs Covalently Bound C-14 Trypsin on Fibrin

Trypsin CVB Fibrin
System

Total Bound
Enzyme,
ug

(1)

Covalently(2)

.

./ mol

J T,

Bound Enzyme, VI—:
ug

n

v

\

)

(3)
Relative
Activity,
%

Specific (4)
Activity,
%

\min-mgj

'

C-14 Trypsin/Fibrin
(343-42-1)

4.5 ± 0.2

1.2 ± 0.5

78.4 ± 33.2

83.9 ± 57.5

21.7 ± 9.2

C-14 Trypsin/Fibrin
(343-42-2)

10.0 ± 0 . 4

2.8 ± 1.0

53.3 ± 19.8

58.2 + 25.7

15.4 ± 5.7

C-14 Trypsin/Fibrin
(343-42-3)

20.0 ± 1.0

5.6 ± 2.1

49.9 ± 18.6

56.5 ± 21.8

15.8 ± 5.9

C-14 Trypsin/Fibrin
(343-42-4)

35.0 ± 3.0

9.7 ± 3.7

20.8 ± 7.9

23.6 ± 9.0

7.6 ± 2.9

(1) Adsorbed plus covalently bound enzyme.
(2) Based on 27.75 ± 10.2% covalently attached enzyme.
(3) Relative activity based on equal concentration of C-14 labeled trypsin.
(4) Specific activity based on equal concentration of free trypsin.
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Figure 21:
Combined pH Activity Curves for C-14 labeled trypsin CVB fibrin
(A) C-14 labeled trypsin (•) and free trypsin (x). Reaction
conditions are summarized in Tables 20-24.

slightly to a more acidic pH and also may have a lower pH optimum
than either labeled trypsin or free trypsin but, in view of the
size of the standard deviations, the latter assumption may not be a
valid one.

In summary, it does not appear that any change of large

magnitude has occurred in the pH profiles and any esterlytic reaction run in the region of pH 8-9 would give optimum activity.
The storage stability of the immobilized enzyme is an important
factor to consider especially where applied applications are being
contemplated.

Thus, a study of the effect of long term storage of

the enzymes immobilized on fibrin would be beneficial from a practical point of view.

The enzyme suspensions were stored in pH 8.0

borate buffer [0.025 M] at 4° for the time periods stated in
Table (16) and Figures (22) and (23). The trypsin that has been
attached to the fibrin foam shows a substantial increase in stability
over a period covering 69 days (85-90% of the original activity);
the native enzyme has lost ca. 75% of its activity by 97 days.

In

the case of trypsin bound to the fibrin membrane the results are
not so clear; large errors are introduced in the cutting, weighing,
drying, etc. of the membrane pieces. But it is apparent that trypsin bound to the membrane is not completely inactive; thrombin was
rendered inactive after coupling to the membrane.

The stability of

the free thrombin used in the binding experiments came as a surprise
in view of the rapid loss in activity noted by Alexander and
Engel.

Our studies were conducted with thrombin several years

old and perhaps what remains is residual activity after loss of a
large proportion of the initial activity.

It is significant again

however that the attachment of a sensitive material such as thrombin

TABLE 16
Stability of Fibrin Immobilized
Trypsin or Thrombin as a Function of Time

Enzyme System

Free trypsin
Free thrombin

33 days

48.8 ± 18.3°
-

69 days
26.4 ± 8.6d
115.0 ±9.1

Trypsin CVB fibrin
(343-31A)

90.8 ±

4.1

90.3 ± 2.6

Trypsin CVB fibrin
(343-33A)

92.2 ± 9.4

85.1 ± 7.2

147.5 ± 44.9e

86.4 ±75.4

Thrombin CVB fibrin
(343-31B)

103.9 ± 11.7

87.0 ± 9.1

Thrombin CVB f i b r i n
(343-33B)

64.1 ± 4.4

60.4 ±10.1

Trypsin CVB fibrin
membrane
(343-32A)

a.

The activity is expressed as the percent of the original activity toward TAME.

b.

The immobilized enzymes were stored at 4° in pH 8.0 [0.025 M]
borate buffer.

c.

Activity determined after 48 days.

d.

Activity determined after 97 days.

e.

Activity is based on weight of bound enzyme plus support.
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Figure 22:
Stability of free trypsin and trypsin CVB fibrin stored at 4° in
pH 8.0 [0.025 M] borate buffer.
in Table 16.

Reaction conditions are summarized
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Figure 23:
Stability of free thrombin and thrombin CVB fibrin stored at 4e
in pH 8.0 [0.025 M] borate buffer. Reaction conditions are
summarized in Table 16.
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was not inactivated further by the fibrin support and with better
thrombin should retain its activity equally well.
In Figures (24-26) are the photomicrographs of fibrin strands
in buffer, fibrin plus glutaraldehyde, and trypsin CVB fibrin.

The

fibrin strands appear to have a lower profile than the altered
material.

The addition of glutaraldehyde to the fibrin causes the

formation of particulate material that is indistinguishable, at
least using light microscopy, from trypsin CVIi fibrin particles
shown in Figure (33). The particles range in size from 10-100y
for the bound enzyme.
The following conclusions can be drawn concerning the fibrin
immobilized enzyme systems:

(1) it is feasible to utilize fibrin,

both as a powder or membrane, to covalently immobilize enzymes with
retention of good activity; (2) carbon-14 labeled trypsin can be used
to estimate the amount of immobilized enzyme on a proteinaceous support; (3) significant amounts of non-covalently coupled (adsorbed)
enzyme are present on the surface of the support; (4) the binding
capacity of glutaraldehyde treated fibrin remained constant indicating that only a certain number of coupling sites are available; (5)
the esterase activity of the immobilized labeled trypsin was inversely proportional to the amount of attached enzyme; (6) optimum
small substrate hydrolysis (TAME) occurred at pH 8-8.4; (7) the
storage stability of trypsin and thrombin was enhanced; and (8) inhibition of both trypsin and thrombin esterase activity occurred at
substrate concentration greater than 30 mM.
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Figure 24:
Photomicrograph of fibrin in buffer.
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Figure 25:
Photomicrograph of fibrin plus glutaraldehyde in buffer.
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100 M

Figure 26*
Photomicrograph of trypsin CVB fibrin.

EXPERIMENTAL

All boiling points and melting points obtained by the capillary method are uncorrected.

Elemental analyses were carried out by

Schwarzkopf Microanalytical Laboratories, Woodside, New York or by
Mr. Ralph Seab, Louisiana State University, Baton Rouge. Melting
points determined on a Perkin-Elmer Model Differential Scanning
Calorimeter are corrected and were obtained by the tangent-intercept
method.

Infrared spectra were taken on either a Beckman IR-5, or a

Perkin-Elmer 137 or 467 spectrophotometer.

Nuclear magnetic reso-

nance spectra were recorded on either a Varian Associates HA-60,
HA-60A, or T-60 spectrophotometer; all chemical shifts are relative
to internal tetramethylsllane (TMS) reference. Molecular weights
(R)
were obtained on a Water Associates Ana-Prep

or Model 200 Analyti-

cal Gel-Permeation Chromatograph (GPC) equipped with automatic injection and collection units. Oxidation of carbon-14 labeled samples
(R)
was done on a Packard Tri-Carb

sample oxidizer utilizing a 1 min
(R)
burn time and Packard Monophase 40
scintillation "cocktail".
(R)
Radioactive samples were counted on a Packard Tri-Carb
Model 574
scintillation counter.

Amino acid analyses were conducted by Mr.

Richard Dinterman, U.S. Army Institute of Infectious Diseases, Ft.
Detrick, Md. on a Technicon TSM Amino Acid Autoanalyzer.

(R)

Enzyme

esterase activity was measured by the pll stat method on a Brinkman
Microdosimat

(R)

equipped with a 1 ml buret and a 2 ml titration
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vessel.

Michaelis-Menten calculations and plots were carried out

on either a Hewlett-Packard Model 9810A calculator with 9862A Plotter
or a Wang 700 Series calculator with 702 plotter.

Assistance with

programming was provided by Mr. James Eaton and Mr. Ronald Pace of
the U.S. Army Medical Bioengineering R&D Laboratory, Ft. Detrick, Md.
Photomicroscopy studies were undertaken by Dr. Andrew Hegyeli utilizing a Zeiss Photomicroscope equipped with a CP-100 Polaroid film
pack.

A.

All temperatures are recorded in degrees Celsius.

Reagents and Materials
Phosgene, ethylene oxide, and ammonia were purchased from

Matheson and used as received; the ethylene oxide was stored at 4°
to retard polymerization.

Bisphenol A (Aldrich), epichlorohydrin

(Aldrich), ^-nitrobenzoyl chloride (Matheson), butyl isocyanate
(Matheson) ethyl chloroformate (Eastman), o-fluoronitrobenzene
(Eastman), o-chloronitrobenzene (Aldrich), chlorosulfonic acid
(Eastman), methyl ethyl ketone (Fisher), and sodium dithionite
(Fisher) were used as received from freshly opened bottles. Dichlorobenzene, tetrahydrofuran, and dioxane were dried by distillation from CaH„ and stored over 4A molecular sieves (Fisher).

Tryp-

sin (Calbiochem, 2X recrystallized), a-N-p_-toluenesulfonyl-L-arginine
methyl ester hydrochloride (Calbiochem), fibrinogen (Calbiochem,
65% clottable) and bovine thrombin (Park-Davis and Co.) were used
without further purification.

Carbon-14 labeled formaldehyde

was obtained from International Chemical and Nuclear Corp.
(0.5 mc, 17 mc/mmol) and was a 1-3% aqueous solution. Aqueous

glutaraldehyde (Fisher, 50% w/v) was used as received and stored
at 4°.

B.

Synthesis of Polymeric Carriers and Enzyme Binding Reagents
1.

poly(bisphenol A-co-epichlorohydrin) (3)

Into a 500 ml three-necked flask equipped with stirrer,
thermometer and condenser with nitrogen inlet was introduced
10 g (0.25 mol) sodium hydroxide pellets in 40 ml water and 57.1 g
(0.25 mol) bisphenol A.

The solution was stirred until almost homo-

geneous and then 64 g ethanol and 23.12 g (0.25 mol) epichlorohydrin
were added.

The solution was stirred for 6 hr at room temperature.

Sodium hydroxide (1.5 g, 0.038 mol) in 6 ml water was then added and
the solution heated to reflux (ca. 80°) whereupon chlorobenzene was
added in the following manner:

15 ml after 30 min reflux, 7.5 ml

after 45 min reflux and finally 7.5 ml after 60 min total reflux.
Heating was then continued for 4 hr. Phenol (2.35 g, 0.025 mol) in
15 ml chlorobenzene was added and the solution refluxed for 2 hr.
The reaction was cooled and the aqueous phase was separated by decantation.

The chlorobenzene/polyether layer was washed 3 times with

500 ml portions water.

Then 100 ml chloroform was added and the

solution acidified by adding, with stirring, a solution of 5 ml 87%
phosphoric acid in 25 ml water.

The organic phase was washed 8

times with 100 ml portions water followed by precipitation into l£
isopropanol in a Waring-blendor( K

The white product was filtered,

washed with isopropanol, and dried at 65° under vacuum for 24 hr.
The yield of white, granular powder was 67.5 g (95%):

ir (film)

3440 (-OH), 1390, 1370 (CH3CHCH3), 1250 (aryl-0-CH2), 1048 (C-0);
nmr (DCC13) 61.62 (s, 6, CH-CCH-), 2.55 (s, 1, -OH), 4.15
(bm, 5, -CH 2 CHCH 2 -), 6.98 (A^-q, 8, aryl-H).

The polyether was

soluble in THF, pyridine, HCC1 3 CH2C1_, 0C1, and dioxane. GPC
analysis showed a single peak indicating a molecular weight of ca.
35,000 based on a polystyrene standard.
2.

poly[(bisphenol A-co-epichlorohydrin)-g-ethylene oxide]

Into a It

Paar

(R)

bomb was added 1.0 g (3.5 mmol)

poly(bisphenol A-co-epichlorohydrin) (3) dissolved in 40 ml dioxane,
0.10 g (1.8 mmol) sodium methoxide and a magnetic stirring bar.
Ethylene oxide (7 ml, 141 mmol) was then added and the bomb rapidly
closed and pressurized to 350 psi with nitrogen.

The container was

then placed in an oil bath at 125° and stirring was started.

After

12 hr, the bomb was cooled and the excess ethylene oxide allowed to
escape.

The dioxane solution was freeze-dried overnight and the

white, slightly elastic material was cut into small pieces and pulverized in a blender containing water.

This process was repeated

after which the material was placed in a container with excess water
and shaken on a Wrist-Shaker
of polyethylene oxide.

(R)

for 2 days to remove the last traces

The insoluble material was filtered, dis-

solved in dioxane and freeze-dried.

An nmr of the white, slightly

resilient material indicates 1.6 ethylene oxide units per monomer
repeat unit:

ir (film) 3571-3226 (-0H), 1718 (-CH0), 1235

(-C=C-0-), 1099 (C-0-C ethylene oxide), 1031 (C-0); nmr (DMS0-dfi)
61.60 (bs, 6, CH CCH 3 ), 3.65 (s, 6.4, -0CH 2 CH 2 0-), 4.18
(bs, 5, -CH.,CHCH9-), 7.0-7.5 (A„B2q, 8, aryl-H).

The graft polymer
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was soluble in THF, dioxane and DMSO.
Anal. Calcd

for C^^O^.

C, 70,38; H, 7.63.

Found: C, 70.45; H, 7.57.
*based on a DP equal to 2.3 for ethylene oxide.
3.

poly[(bisphenol A-co-epichlorohydrin)-g-p-toluenesulfonyl
carbamate] (13)

Into a 100 ml single-necked flask equipped with a condenser
and N„ inlet was added 1.0 g (3.6 mmol) poly(bisphenol A-coepichlorohydrin) (3) and 25 ml THF or pyridine (dried over 4A molecular sieves).

When total solution occurs (ca. 15 min), 1.0 ml

(7.2 mmol, p_-toluenesulfonyl isocyanate was injected and the solution then stirred at 75-80° for 16.5 hrs. The homogeneous solution
(R)
was poured into 500 ml ethanol in a Waring

blendor, and the precip-

itated polymer isolated by filtration and drying under vacuum at 60°.
The yield of a white, resilient material was 1.6 g (92%); ir (film)
3219 (-NH), 1749 (C=0), 1352 (-S02), 1235 (C-O-C), 1165 (-S02); nmr
(pyrhliiu-d,) iSI.61 (;;, (., CH -C-CIJ.j) , 2.16 (s, 1, 0-CH. ) , 4.4
(bs, 5, -C1I.,CI1C1I2), 5.4-5.2 (bs, 1, N-M), 6.7-7.3 (m, 12, aryl-H).
The polymeric material was soluble in dioxane, THF, and pyridine.
GPC showed a single peak corresponding to a molecular weight of
35,000 based on polystyrene standards.
was prepared in the following manner.

The N-methylated derivative
A 6" culture tube was charged

with 0.2 g (0.46 mmol based on a D.S. of 0.75 poly[(bisphenol A-coepichlorohydrin)-g-]j-toluenebenzene sulfonyl carbamate] (13) and
20 ml anhydrous THF (distilled from CaH_ and stored over 4A molecular sieves).

The dissolved polymer solution was cooled to 0°
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in an ice bath and a fresh solution of diazomethane in ethyl ether
was added until the yellow color of the diazomethane persisted
(ca. 2-3 ml).

Evolution of the N 2 gas was readily apparent.

The

solution was kept at 0° for 0.5 hr and then allowed to warm to room
temperature.

The remaining solvent was evaporated on a Roto-vac

(R)

until ca. 2 ml were left whereupon the viscous oil was cast into a
film on a glass plate and allowed to dry.
was 0.2 g (93.4%):

The yield of clear film

ir (film) 1739 (C=0), 1370 (-S02), 1170 (-S02),

981 (N-CH3); nmr (DCC13) 61.6 (s, 6, CH 3 -C-CH 3 ), 2.26 (s, 3, 0-CH 3 ),
3.34 (ss, 3, N-CHJ, 3.75 [bs, 1.7, -0CH3 (minor)], 6.6-7.9
(m, 12, aryl-H).
*
Anal. Calcd

for C 26 H 27 N0,S:

C, 66.69; H, 5.89; N, 2.43.

Found: C, 66.66; H, 6.31; N, 1.88.
*based on a D.S. equal to 0.75.
4.

4-chloro-3-nitrobenzenesulfonamide (16)

Into a 300 ml single-necked flask was added 93 g (0.8 mol)
chlorosulphonc acid and, with caution, 5.8 g (0.1 mol) sodium
chloride.

The solution was stirred magnetically while 31.5 g

(0.2 mol) o-chloronitrobenzene was added slowly from an addition
funnel.

After addition was complete, the dark, brown solution was

heated to 140-150° in an oil bath for 5 hr and then allowed to cool.
The viscous oil was slowly poured with vigorous stirring into 200 g
ice water. A yellow-tan precipitate was immediately extracted with
chloroform (3 x 300 ml) and the combined organic extractions were
dried (MgSO.) and the chloroform was evaporated on a Roto-vac.

(R)

The crude 4-chloro-3-nitrobenzenesulfonyl chloride was converted to
4-chloro-3-nitrobenzenesulfonamide by slow addition to ca. 45 ml
liquid ammonia in a dry ice/acetone bath.

After addition was com-

plete, dilute glacial acetic acid was slowly added until the pH was
5-6.

The solution was allowed to warm during addition of the acid

in order to allow evaporation of the excess ammonia.

The precipi-

tate was filtered and dried under vacuum at 40° overnight.

The

yield of crude yellow-tan powder was 15.4 g (34.4%); recrystallizatlon from benzene gave 10.2 g of yellow crystals; mp 174.6-174.9
(DSC) (lit. 140 " 141 mp 175°, 177.5-180.5°); ir(KBr) 3300-3200 (NH),
1540 (-N02), 1335 (-N02,-S02), 1170 (S0 2 ); nmr(CD3CN)
65.5-6.4(bs, 2, -NH 2 ), 7.7-8.2 (complex, 3, aryl-H).

The material

was soluble in hot o-dichlorobenzene and slightly soluble in acetone
and acetonitrile.
Anal. Calcd. for CgHgClN^S: C, 30.45; H, 2.37; N, 11.85;
CI, 14.98.
Found:
5.

C, 29.76; H, 2.01; N, 11.79; CI, 14.66.

4-chloro-3-nitrobenzenesulfonyl isocyanate (17)

Into a 300 ml three-necked flask equipped with a fritted gas
inlet tube and condenser with the outlet leading to a 10% sodium
hydroxide solution, was added 20 g (0.084 mol) 4-chloro-3-nitrobenzenesulfonamide (16) and 150 ml freshly distilled (CaH„)
o-dichlorobenzene.

The slurry was stirred magnetically while 4 ml

butyl isocyanate was injected against a flow of nitrogen.

The sus-

pension was heated to 175-180° in an oil bath whereupon the sulfonamide dissolved.

Phosgene was then passed into the hot solution

for a period of 2 hr.

An additional 2 ml of butyl isocyanate was

injected after 1 hr reaction time.

The solution was purged with

nitrogen for 1 hr after which the vessel was equipped with a distillation head and the dichlorobenzene was distilled at 45-51°
(3.5-4.5 mm) leaving ca. 200 ml of a dark, yellow oil. The oil was
(R)
transferred, under a flow of nitrogen, to a Bantam-ware
tion setup and the oil was distilled.

distilla-

A clear, yellow oil was col-

lected at 171° (0.1 mm) which crystallized into a yellow solid when
allowed tocool. The yield of the sulfonyl isocyanate was 15 g (66%).
The isocyanate was soluble in hot HCC1_, acetone, and hot pyridine.
The reactive compound was stored in a glass stoppered flask placed
within a screw-top jar partially filled with CaSO,.
6.

Methyl 4-chloro-3-nitrobenzenesulfonyl carbamate (18)

The 4-chloro-3-nitrobenzenesulfonyl isocyanate (17) was added
to an excess of absolute methanol in a single-necked flask equipped
with a N„ inlet. All manipulations were carried out in a glove bag
under a N„ atmosphere. The initial suspension was stirred magnetically at ambient temperature for 12 hr.

The excess methanol was

distilled from the now clear, homogenous solution leaving a white
solid.

Subsequent analysis revealed that the conversion is quanti-

tative:

ir(KBr) 3200 (NH), 1755 (C=0), 1529 (-N02), 1342 (-N02,S02),

1166 (-S02); nmr(DCCl3) 63.8 (s, 3, -CH-j), 7.7-8.6 (complex, 3,
aryl-H).
acetone.

The methyl carbamate was soluble in acetone and hexafluoro-
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Anal. Calcd. for CgHgClN^S:
Found:
7.

C, 32.59; H, 2.39; N, 9.42.

C, 32.53; H, 2.40; N, 9.52.

poly[(bisphenol A-co-epichlorohydrin)-g-4-chloro-3nitrobenzenesulfonyl carbamate] (19)

Into a 25 ml single-necked vessel equipped with a condenser
and N ? bubbler was added 0.49 g (1.72 mmol) poly(bisphenol A-coepichlorohydrin) (3) and 15 ml freshly distilled (CaH2) THF. Utilizing a glove bag with a N 2 atmosphere, 0.55 g (2.1 mmol) 4-chloro3-nitrobenzenesulfonyl isocyanate (17) was then added and the solution stirred magnetically at 75° for 12 hr.

The homogeneous solu-

tion was poured into ca. 500 ml ethanol in a Waring^ ' blendor
followed by filtration of the yellow precipitate which was dried at
60° under vacuum overnight.
0.75 g (80%):

The yield of slightly yellow powder was

ir (film) 3210-3080 (-NH), 1759 (C=0), 1542(-N02),

1361 (-S02,-N02), 1179 (-S02); nmr (pyridine-d5) 61.62
(s, 6, CH 3 -C-CH 3 ), 4.4(bs, 5, -CH 2 CHCH 2 -), 5.4-5.7(bs, 1, -NH),
6.8-7.6(m, 3, aryl-H).
and dioxane.

The carbamate was soluble in pyridine, THF

Elution with GPC gave a single peak corresponding to a

molecular weight of 35,000 based on a polystyrene standard.
Anal. Calcd* for C ^ H ^ C l ^ O g S :

C, 60.00; H, 4.92; N, 3.88;
CI, 4.92.

Found:

C, 60.05; H, 4.99; N, 4.40; CI, 4.52.

*based on a D.S. equal to 0.62.
8.

4-amino-3-nitrobenzenesulfonamide (21)

Into a 300 ml three-necked flask equipped with a mechanical
stirrer, gas outlet and addition funnel was added 93.0 g (0.8 mol)
chlorosulphonic acid and, with caution, 5.8 g (0.1 mol) sodium
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chloride.

The solution was stirred while 28.4 g (0.2 mol) 4-fluoro-

3-nitrobenzene was slowly introduced.

After addition, the flask was

lowered into an oil bath maintained at 145° and slowly stirred; the
solution became darker and more viscous as time went on.

After 5 hr,

the solution was cooled and decanted slowly into a beaker containing
200 g ice and 200 ml chloroform; a yellow precipitate appeared and
then partially dissolved in the chloroform.

The organic layer was

separated off and the aqueous portion extracted with fresh chloroform (3 x 200 ml).
less.

The final chloroform wash was clear and color-

The combined chloroform extractions were filtered through

surgical gauze to remove a small amount of insoluble material.
chloroform extract was dried over MgSO, overnight.

The

Following fil-

tration of the MgSO,, the solvent was evaporated on a Roto-vac

(R)

leaving 37.4 g (78%) of a dark brown-orange oil. The crude oil
could be either used without further purification for preparation
of the sulfonamide or distilled through a 6" vigreaux column under
vacuum to give 21 g (57%) of a clear, yellow oil: bp 124° (4 mm);
ir(neat) 3090, 1609 (aryl), 1385 (-S02C1), 1350 (-N02), 1185
(-S02C1); nmr (CDC13) 66.74-8.0 (m, 3, aryl-H).

Approximately 50 ml

of ammonia was collected in a 500 ml Erlenmeyer flask cooled in a
dry ice/acetone bath.

To the liquid ammonia was added dropwise

37.4 g (0.156 mol) crude 4-fluoro-3-nitrobenzenesulfonyl chloride.
Although a few yellow crystals formed initially, the remainder of the
sulfonyl. chloride dissolved in the ammonia.

Upon completion of

addition, the ammonia was a dark, blue-black in color.

Dilute

glacial acetic acid was cautiously added and the solution allowed

to warm slowly.
pH 7.0.

A yellow precipitate started to appear at ca.

Addition of acid was continued until the solution was

pH 5.6 whereupon the yellow solid was filtered and dried under
vacuum at 45° overnight.
24.2 g (71.3%).

The yield of bright yellow solid was

The solid was recrystallized from dioxane:

mp 202.9° (DSC); ir (nujol) 3440, 3270 (-NH2), 1316 (-S02> -N0 2 ),
1164 (-S02); nmr (DMSO-dg) 63.1 (bs, 2, -NH 2 ), 6.5-8.2 (m, 3, aryl-H).
The sulfonamide was slightly soluble in CH3CN, ArN0 2 , CH 3 N0 2 and
acetone.
Anal. Calcd. for C g H y N ^ S :
Found*

C, 33.18; H, 3.25; N, 19.35.

C, 31.96; H, 3.19; N, 18.91; F, 6.04.

*The analysis indicates that 68% of the product is present as an
ammonium fluoride salt.
9.

Ethyl 4-amino-3-nitrobenzene8ulfonyl carbamate (23)

Into a 25 ml three-necked Bantam-ware

(R)

flask equipped with

a condenser and inert gas inlet was added 0.5 g (2.8 mmol) 4-fluoro3-nitrobenzenesulfonamide (21), 0.38 g (2.8 mmol) K 2 C0 3 and 20 ml
reagent grade acetone.

The solution was heated to reflux whereupon

0.31 g (2.8 mmol) ethyl chloroformate was added against a flow of
N- and magnetic stirring was continued.

After ca. 0.5 hr, a yellow

precipitate started to appear which became quite thick after 2.5 hr.
Stirring was continued for a total of 6 hr after addition of the
chloroformate at which time the bright yellow precipitate was
filtered and washed with acetone.

To rid the carbamate of residual

K 2 C0_, the crude product was dissolved in ca. 5 ml water and acidified with dilute HC1 to pH 2.5.

The newly precipitated yellow pro-

duct was filtered, washed with water and dried under vacuum at 70°

overnight.

The yield of yellow powder was 0.48 g (59.2%). The solid

was recrystallized from CH2C1.,: mp 157.7° (DSC); ir (nujol) 3448,
3333 (-NH), 1739 (C=0), 1351 (-S02, -N0 2 ), 1161 (-S02); nmr
(DMS0-d6) 61.18 (t, 3, J=7 Hz, -CH 2 CH 3 ), 4.4 (q, 2, J=7 Hz, - C H ^ ) ,
7.0-8.5 (m, 3, aryl-H).

The product was soluble in THF, acetoni-

trile, acetone, 0.5 M NaHC03 and insoluble in 0H, CCl^, HCC13 and
ethyl ether.
Anal. Calcd. for C g H ^ ^ S :
Found*

C, 37.38; H, 3.83; N, 14.52.

C, 36.61; H, 3.85; N, 13.84; F, 4.43.

*The analysis indicates that 65% of the product is present as an
ammonium fluoride salt.
10.

4-nitrobenzenesulfonyl isocyanate (24)

Into a 500 ml three-necked flask equipped with a fritted
gas inlet tube and condenser with an outlet tube leading to a 10%
sodium hydroxide solution, was added 40.4 g (0.2 mol) 4-nitrobenzenesulfonaraide, 350 ml dichlorobenzene (distilled from CaH„),
and 7.92 g (0.08 mol) butyl isocyanate.

The reaction was heated to

175-180° in an oil bath whereupon phosgene was slowly passed into
the solvent for 1.5 hr; the solution turned a dark yellow.

After

passage of the phosgene, the reaction was allowed to cool and purged
with N 2 for 0.5 hr.

The solvent and excess butyl isocyanate was

distilled at 87° (15 mm) leaving a brown oil.

Extreme care must be

taken as the sulfonyl isocyanate reacts with moisture in the air to
give the starting sulfonamide.

The crude product was transferred

hot, under a blanket of N„, to a 100 ml Bantam-Warev ' flask
equipped with a distilling head and the distillation continued.

A
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small fore-run was discarded and the straw colored distillate collected at 156° (0.1 mm) [lit. (142) bp 137-143° (0.4 mm)].
low oil solidified upon cooling.

The yel-

The yield of sulfonyl isocyanate

was 25 g (55%); ir (melt) 2262 (-NC0), 1366 (-S02~, -N0 2 ),
1538 (-N02), 1183 (-S02-).
11.

Methyl 4-nitrobenzenesulfonyl carbamate (25)

A 5" culture tube was charged with a small portion 4nitrobenzenesulfonyl isocyanate (24) and an excess of anhydrous
methanol previously dried over 4A molecular sieves. All manipulations were carried out under a nitrogen atmosphere.

The rube was

capped and the solution heated to ca. 60° in a water bath; the slurry
became homogeneous within 10 min.

Stirring was continued for 16 hr

followed by removal of excess methanol on a Roto-vac
of the methyl carbamate was quantitative:

(R)

. The yield

ir(nujol, fluorolube)

3333 (-NH), 1757 C=0), 1527 (-N02), 1361 (-N02, S 0 2 ) ; nmr(CD3CN)
63.68 (s, 3, ~CH 3 ), 8.40 ( A ^ q , 4, aryl-H).
Anal. Calcd. for C g H g N ^ S :
Found:
12.

C, 36.92; H, 3.10; N, 10.77.

C, 37.48; H, 3.26; N, 10.47.

poly[(bisphenol A-co-epichlorohydrin)-g-4-nitrobenzenesulfonyl carbamate] (26)

Into a 6" culture tube was introduced 1.0 g (3.6 mmol) poly
(bisphenol A-co-epichlorohydrin) (3) along with 15 ml THF which had
been dried over 4A molecular sieves.

A H chemical manipulations were

conducted under a nitrogen atmosphere.

After the polyether was dis-

solved, 0.82 g (3.6 mmol) 4-nitrobenzenesulfonyl isocyanate was
added and the tube capped.

The isocyanate dissolved within 10 min
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after heating in a water bath at 60°. The reaction was allowed to
proceed for 16 hr at 60°. The solvent was then evaporated on a
Roto-vac

' and the residue heated to 100° for several hours. A

total of 1.76 g (95.6%) of the carbamate was recovered: ir (film)
1754 (C=0), 1536 (-N02), 1361 (-SO.,-, -N0 2 ), 1053 (C-O-C); nmr(DMSO)
61.62 (s, 6, CHv-C-CHj, 3.65-4.3 (m, 5, -CH 2 CHCH 2 -), 5.3
(bs, 1, -NH) 7.0 (A2B2q, 8, backbone aryl-H), 8.32 A ^ q , 4,
pendant aryl-H).

The polymer was soluble in THF, methyl ethyl

ketone (MEK), dimethylsulfoxide (DMSO), and pyridine.
Anal. Calcd
Found:

for C 2 5 H 2 4 N 2 0 8 S:

C, 60.71; H, 5.01; N, 4.80.

C, 60.72; H, 5.18; N, 4.81.

Abased on a D.S. equal to 0.80.
13.

poly[(bisphenol A-co-epichlorohydrln)-g-4-aminobenzenesulfonyl carbamate] (27)

A 6" screw top culture tube was charged with 0.1 g
(0.198 mmol) poly(bisphenol A-co-epichlorohydrin) (3) and 4 ml
methyl ethyl ketone (MEK).

A solution of 0.12 g (0.79 mmol) sodium

dithionite (Na.S-0,^H-O) in 2 ml water was added to the homogeneous
polymer solution and the tube capped, placed in a constant temperature bath (50°) and agitated with a Wrist-Shaker

(R)

for 30 minutes.

Agitation was then stopped and the two immiscible layers allowed to
separate.

The upper MEK layer was pipetted dropwise into 60 ml of

rapidly stirred petroleum ether (30°-60°).

The pale yellow precipi-

tate was allowed to settle and the supernatant decanted off.

The

product was washed with water (2 x 25 ml) to remove any inorganic
salts and then dried at 50° under vacuum overnight.

The yield of

slightly yellow material was quantitative:

ir (film) 3460, 3378

(-NH), 1742 (C=0), 1595 (-NH), 1225 (C-0), 1160 (-S02~); nmr
(DMS0-d6) 61.5 (bs, 6, CH 3 -C-CH 3 ), 4.0 (bs, 5, -CH 2 CHCH 2 -), 5.1
(bs, 1, -S0 2 NH-), 6.4-7.5 ( A ^ , 12, aryl-H).

The material was

soluble in DMSO and DMF.
Anal. Calcd* for
Found:

C

25

H

26 N 2°6 S :

C

'

62,07

»

H

» 5 ' 3 A » N»

5

'36,

C, 61.91; H, 6.11; N, 5.24.

•Assuming a structure of -(C25H26N206S^x~^C25H24N2°8S^y~'

t h e analv

""

sis indicates a ratio of x:y = 2.6:1.0.
14.

poly[(bisphenol A-co-epichlorohydrin)-g-4-nitro
benzoate] (26a)
— — — — —

is\

Into a 100 ml single-necked flask equipped with a condenser
and N„ inlet was added 5.0 g (17.5 mmol) poly(bisphenol A-coepichlorohydrin) (3) and 50 ml dry pyridine (K0H).

The solution

was stirred magnetically until the polyether had dissolved and then
3.75 g (20.0 mmol) 4-nitrobenzoyl chloride was added.

The solution

was stirred at 110-115° for 48 hr and then precipitated into 2f of
(R)
water in a Waring
blendor. This process was repeated twice more
after which the tan powder was filtered and dried under vacuum at
50°.

A total of 6.93 g (91.1%) was obtained:

1510 (-N02), 1240 (C-0).

ir (film) 1721 (C=0),

The polymer was soluble In dioxane and THF.

and could be reprecipiated into i-Pr0H/H20 (1:1).
Anal. Calcd
Found:

for C 25 H

N0 6 : C, 69.32; H, 5.36; N, 3.21.

C, 69.21; H, 5.18; N, 2.92.

*based on a D.S. of 0.99.
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15.

Fibrin Foam and Membrane

Into a 50 ml beaker containing 40 ml of 0.9% saline was added
2.0 g fibrinogen.

The solution was gently stirred magnetically at

room temperature until all the fibrinogen had dissolved.

The solu-

tion was decanted into a small stainless steel bowl and 1 ml of thrombin solution (1.24 mg/ml) was added.

The coagulating solution was

beaten vigorously with a metal wisk. As the solution became thicker,
the foam that forms was decanted off into a lyophilizing vessel.
After all the fibrin had been collected as a foam, it was frozen in
a dry ice/acetone or liquid N ? bath and then freeze-dried overnight.
The yield of the white, powdery material was 1.60 g (80%).
The fibrin membrane was prepared by dissolving 0.5 g fibrinogen in 10 ml saline and mixing in 0.25 ml (1.24 mg/ml) thrombin.
The mixture was rapidly poured into a petri dish and allowed to
stand for 1 hr.

A piece of gauze followed by filter paper were

placed directly on top of the gel and a 1 lb weight placed upon
the absorbant materials.

After 1 day, a 2 lb weight was added to

aid in the pressing out of the water. After several days, the
fibrin film was peeled from the absorbant materials and allowed to
dry.

The yield of the slightly opaque fibrin film was 0.4 g (80%).
16.

Carbon-14 Labeled Trypsin

The contents of an ampoule containing 0.5 mc (17 mc/mmol) of
a 1-3% aqueous formaldehyde solution was added to a 100 ml aliquot
of pH 7.0 phosphate buffer [1.0 M] in a 125 ml Nalgene^ capped
bottle.

The stock formaldehyde solution had an activity of

(3,956.8 ± 87.8) x 10~ 6 yC/ul that was calculated in the following
manner:

Theoretical:
0.5 mc = 500 yC
100 ml = 105yl
SOOuC „ 5 x 10 2 yC

105yl

= 5 x 1Q -3

io5 yl

"Jf

Actual:
20 yl of the sample plus 15 ml of Monophase 40
three duplicates and controls were analyzed.

(R)

were used;

The sample

showed an activity of 174,097.6 ± 3860.9 dpm/20 yl or
8,704.9 ± 193.05 dpm/yl.
Therefore,
8,704.9 ± 193.05 dpm/yl
2.2 x 10

dpm/yC

= (3,956.8 ± 87.8) x 10~ 6 yC/yl
Into a 20 ml screw top vial was added 1.0 g trypsin followed
by a 10.0 ml aliquot of the stock C-14 formaldehyde solution.

The

solution was stirred magnetically at room temperature for 6 hr. A
small amount of a gelatineous precipitate formed upon addition of
the formaldehyde solution.

The labeled trypsin was analyzed by
(R)

transferring 100 yl aliquots to Combusto

cones filled with cellu(R)

lose powder.

The samples were then oxidized on the Packard

oxi-

dizer employing a 1 min burn time. A post-burn control was used
and its dpm added to the dpm of the previous sample. The labeled
trypsin had a count of 7,188.3 ± 78.1 dpm/yl or (3.267 ± 0.036) x
_3
10
yC/yl that was determined as in the following:
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Theoretical:
5 x 10" 3 yC/yl x 10 4 yl = 5 x 10 1 yC
5 x 10

, H c x 2 x 10 6 dpm/yC = 10 4 dpm/yl
10 4 yl

or,
5 x 10 yC
10 yg

x 2 x

10 6 dpm/yC = 10 2 dpm/yg(Enzyme)

Actual:
100 yl aliquots of the suspension was analyzed and the
activity found to be 718,827.9 ± 7808.6 dpm/100 yl
or,
718,827.9 ± 7808.6 dpm/100 yl = 7,188.3 ± 78.1 dpm/yl
therefore,
7,188.3 ± 78.1 dpm/yl
2.2 x 10
17.

=

( 3 > 2 6 7 ± 0 > 0 3 6 ) x 1 Q -3

^ ^

dpm/yC

Analysis of the Carbon-14 Labeled Trypsin CVB Fibrin
System for Radioactivity

From a stirred solution of the carbon-14 labeled trypsin
CVB fibrin in borate buffer was withdrawn 200 yl aliquots of the
suspension.

It was necessary to cut the tip of the Eppendorf

(R)

disposable pipet so clogging would not occur; this same tip was then
used throughout the study.
Combusto

(R)

The aliquots were placed into Packard

cones partially filled with cellulose to prevent loss

of the sample.

The cones were burned in a Packard Tri-Carb

oxidizer for 1 min; a control post-burn was employed.

(R)

Three samples

from each system were counted in order that the magnitude of the
standard deviation could be calculated.

Theoretical Calculation:
It was determined that the stock solution of labeled trypsin
had an activity of 3.267 x 10

yC/yl and that the vial of
3
labeled trypsin contains 1 gm/10 ml or 100 mg/10 yl. To

one sample (343-42-1) of 50 mg fibrin was added 20 yl(2 mg)
trypsin, therefore the total weight of solids was,
100 mg x 20 yl + 50 mg = 52 mg
103yl
The number of microcuries added was,
(3.267 ± 0.036) x 10~ 3 yC/yl x 20 yl = (65.34 ± 0.71) x 1 0 - 3 yC
and the activity per total sample was,
(65.34 ± 0.71) x 10- 3 yC =
52 mg solids

(1>257 ± 0 > 0 1 3 ? )

uC
mg

solids

In order to determine the weight of total solids in each
aliquot, a known number of aliquots were withdrawn, centrifuged, washed with water to free from the buffer salts,
and dried under vacuum.

It was determined that 0.411 mg

solids per 100 yl aliquot was present. Therefore, the
number of microcuries per 20 yl sample was,
(1.257 ± 0.0137) x 10~ 3 yC/mg x 0.411 mg/yl x 200 yl =
_3
(1.033 ± 0.011) x 10
uC and then converting to dpm,
(1.033 ± 0.011) x 10" 3 yC x 2.2 x 10 6 dpm/ yC =
(2.272 ± 0.0247) x 10 3 dpm =
2,272.0 ± 24.7 dpm for sample 343-42-1 in theory.
Actual Calculation
It was determined experimentally that the sample (343-42-1)
had an activity of 629.70 ± 16.75 dpm.

It is necessary then

to calculate,

%% t z ? a ° 2) - * °£ > — —
To carry out this calculation it was necessary to calculate
the sums of the percent relative standard deviations
the formula,
.2

,

K2

+

.

%2

© •© (f)
,
2
where s =

n, ( X T X )
,
£ 1
= sample variance
1=1

n-1

and s = sample standard deviation
A - X A , B - X,,
R =• A/B
Actual Calculation
For 629.70 ± 16.75
2272.0 ± 24.7
/s\2
\Rj

/ 16.75\2
\629.70/

/ 24.7\2;
V2272.0/

629.7
2272.0
_3
Solving, one gets s = 7.97 x 10
=

Therefore

629.70 ± 16.75
2272.0 ± 24.7

=

„n n
in2
x 10
= 27 7
'

.
±

n

_„.
°'U

and since 2 mg of labeled enzyme were added,
(2 mg) (27.7 ± 0.8%) = 0.55 ± 0.02 mg of enzyme
has been bound; or expressed as mg of enzyme bound per
gram of fibrin,
0.55 ± 0.02 mg ,_3 ,
50 mg fibrin x 1 0 m / « =

U

... n . _ . ,
- ° * °'4 "&'&

by
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C.

Immobilization of Enzymes
1.

Covalent Attachment of Trypsin to Poly[(bisphenol Aco-epichlorohydrin)-g-4-aminobenzenesulfonyl carbamate]
via Glutaraldehyde (29).

Into a 2 dram capped vial was placed in the form of a powder 0.082 g (0.17 mmol) poly[(bisphenol A-co-epichlorohydrin)-g4-aminobenzenesulfonyl carbamate] (27) and 0.5 ml pH 7.0 phosphate
buffer [0.1 M ] .

The suspension was stirred at room temperature

while 0.02 ml 50% (w/v) aqueous glutaraldehyde was added.

The

suspension was stirred for 3 hr and then centrifuged and washed
well with pH 7.0 phosphate buffer [0.1 M ] .

This process was re-

peated several times after which the suspension is stirred at 0°
in ca. 3 ml pH 7.0 phosphate buffer [0.1 M] to which 0.01 g trypsin
has been added.

After stirring for 17 hr, the suspension was cen-

trifuged and washed with pH 8.0 borate buffer [0.025 M] until the
washings show no activity toward TAME.

The suspension was then

washed twice more to insure residual trypsin was no longer present.
All washings were carried out in the stirred reaction vessel at 0°;
the insolubilized enzyme was stored in pH 8.0 borate buffer [0.025 M]
at 4°.
2.

Covalent Attachment of Thrombin to Poly[(bisphenol A-cohydrin)-g-4-aminobenzenesulfonyl carbamate] via
Glutaraldehyde (29).

Into a 2 dram vial was added 0.04 g poly[(bisphenol A-coepich!orohydrin)-g-4-aminobenzenesulfonyl carbamate] (27), 1.5 ml
pH 7.0 phosphate buffer [0.1 M] and 0.1 ml 50% aqueous glutaraldehyde.

The suspension was stirred for 3.5 hr at room temperature

and the insoluble portion was then washed 6 times with pH 7.0
phosphate buffer to rid the support of unattached enzyme.
Davis

(R)

Park-

bovine thrombin (36 mg) was added along with 3 ml pH 7.0

phosphate buffer [0.1 M] to the activated support and stirred gently
at 2° for 48 hr.

The immobilized thrombin was washed with pH 8.0

borate buffer [0.02 M] until the washings were Inactive toward a 1%
freshly prepared fibrinogen solution.

These latter tests were con-

ducted by adding 0.1 ml of the fibrinogen solution (65% clottable)
in isotonic saline to a spot plate, adding 0.1 ml of the supernatant
and stirring with a hook fashioned from a glass rod.

The hook is

lifted above the surface and the formation of an intact strand of
fibrin is denoted as the clotting time.
of that carried out by Rimon

This method is a variation

. After 5 washes, clotting times

were over 20 minutes and after 10 washes, no clotting activity was
observed.

All work was done at ca. 23°. The immobilized thrombin

was stored in pH 8.0 borate buffer at 4°.
3.

Covalent Attachment of Trypsin or Thrombin to Fibrin via
Glutaraldehyde.

In a typical experiment, 0.1 g of finely ground fibrin foam
was stirred with 3.0 ml pH 7.0 phosphate buffer [1.0 M] while 0.2 ml
glutaraldehyde (50% w/v) was added; the previously white"fHI.rin
turned yellow after addition.

The system was stirred at room tem-

perature for 16 hr, followed by washing with the phosphate buffer
( 6 x 6 ml).

The suspension was divided into two portions, diluted

to a volume of 3.0 ml with the same phosphate buffer, and 0.05 g
trypsin or thrombin added.

The slurry was stirred for 16 hr at

room temperature and then washed with phosphate buffer ( 4 x 6 ml)
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followed by pH 8.0 borate buffer [0.025 M] ( 5 x 6 ml).
washings were inert toward TAME hydrolysis.

The final

The immobilized enzyme

was stored in the borate buffer at 4°.
The same procedure was used for binding trypsin and thrombin
to the fibrin membrane.

The membrane was cut into ca. 9 mm

2

pieces

to facilitate handling and dispensing.
4.

Adsorption of Carbon-14 Labeled Trypsin on Fibrin.

Into a 20 ml screw top vial was added 0.1 g finely ground
fibrin foam and 2.0 ml pH 7.0 phosphate buffer [1.0 M].

The sus-

pension was stirred magnetically at room temperature while 0.2 ml
aqueous glutaraldehyde (50% w/v) was added.

The suspension was

stirred for 1 hr and then washed with pH 7.0 phosphate buffer
[1.0 M] (5 x 20 ml).

After the final wash, the volume of the suspen-

sion was adjusted to 2.0 ml with the phosphate buffer.

The suspen-

sion was rapidly stirred while 1.0 ml of a 50% NaHS0„ solution or
0.40 ml aqueous methyl amine (40% w/v) was added.

The suspension

was stirred 2 hr and then washed with the phosphate buffer
(8 x 20 ml).

The slurry was adjusted to a final volume of 2.0 ml

with pH 7 buffer and 0.20 ml (10 mg) of freshly prepared C-14
labeled trypsin was added and the reaction stirred at room temperature for 16 hr followed by washing (8 x 15 ml) with pH 8.0 borate
buffer [0.025 M].

The suspension was brought to a final volume of

10 ml and analyzed for radioactivity in the manner described in the
Experimental section.
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5.

Covalent Attachment of Carbon-14 Labeled Trypsin to Fibrin
via Glutaraldehyde.

Into a 20 ml screw top vial was added 0.2 g finely ground
fibrin foam and 4.0 ml pH 7.0 phosphate buffer [1.0 M ] .

The suspen-

sion was stirred magnetically at room temperature while 0.4 ml
aqueous glutaraldehyde (50% w/v) was added; the suspension turned
tan in color and distinct particles formed.

The mixture was stirred

for 1 hr and then washed with pH 7.0 phosphate buffer [1.0 M]
(5 x 20 ml) followed each time by centrifugation at 6000 rpm.
After the final wash, the slurry was adjusted to a volume of 4.0 ml
with the same buffer.

The suspension was stirred rapidly while 1.0

ml aliquots were removed and placed in separate 10 ml snap cap vials.
Each vial contained approximately 50 mg of the flbrin/glutaraldehyde
system.

To each vessel was added a predetermined amount of the

labeled trypsin followed by stirring at room temperature for 16 hr.
The attached enzyme-fibrin suspension was diluted with 15 ml pH 8.0
borate buffer [0.025 M] and centrifuged at 6000 rpm for 10 min. A
500 yl aliquot was then removed and examined for radioactivity.
The washing was continued until the supernatant dpm was equal to the
background; approximately 8 washings were used.

After the final wash

and centrifugation, the immobilized enzyme was diluted with the
borate buffer until a volume of 5.0 ml was achieved.
was stored at 4°.

The suspension

D.

Determination of Esterlytic Activity
Esterlytic Activity Measurement
All the esterlytic activities of the immobilized enzymes were

determined by monitoring the release of hydrogen ions resulting
from the enzyme induced hydrolysis of a-N-p_-toluenesulfonyl-Larginine methyl ester (TAME).

A Brinkman Microdosimat' ' pH stat

apparatus was used equipped with a 1 ml buret, 2 ml capacity titration vessel and micro electrode was employed to complete the titrations which were carried out at 23° under a N, blanket following
purging of the solution.

The titrant was 0.1 M sodium hydroxide.

Due to the size of the immobilized enzyme particles, the plastic tip
(R)
of the disposable Eppendorfv ' pipet was cut back to enlarge the
opening; this same tip was then used throughout the study.

In all

investigations, fresh, substrate free, immobilized enzyme was used
in each kinetic run.

During the pH activity studies, the final ad-

justment to the desired pH was done by addition of caustic with
the titrator.

In the case of trypsin, calcium was added to fully

activate the enzyme.
In a typical experiment, 0.6 ml pH 8.0 borate buffer
[0.025 M], 0.2 ml CaCl2[0.01 M], and 0.1 ml immobilized enzyme suspension were added to the titration vessel and equilibrated.

Then,

0.1 ml [0.08 M] TAME was added and the uptake of base [0.1 M] recorded.

In the fibrin membrane-enzyme studies, the material was

2
cut into small pieces (ca. 4-9 mm ) with a scalpel, placed into the
titration vessel and analyzed for activity.

After the run was ter-

minated, the pieces were washed well with water, dried under vacuum
and weighed.

REFERENCES
1.

0. Zaborsky, "Immobilized Enzymes," R.C. Weast, Ed., Chemical
Rubber Co., 1973, p 1.

2.

G. Manecke, G. Gunzel, and H.J. Forster, J. Poly. Sci., Part C,
30, 607(1970).

3.

R. Axen, P.A. Myrin, and J.C. Janson, Biopolymers, 9, 401,
(1970).

4.

M.A. Mitz and L.J. Summaria, Nature, 189, 576(1961).

5.

R.P. Patel, D.V. Lopiekes, S.P. Brown, and S. Price, Biopolymers,
5, 577(1967).

6.

L. Goldstein, Y. Levin, and E. Katchalski, Biochemistry, _3,
1913(1964).

7.

L. Goldstein and E. Katchalski, Fresenius' Z. Anal. Chem., 243,
375(1968).

8.

G.P. Hicks and S.J. Updike, Anal. Chem., 38, 726(1966).

9.

Y. Degani and T. Miron, Biochim. Biophys. Acta., 212, 362(1970).

10.

S.N. Pennington, H.D. Brown, A.B. Patel, and C O . Knowles,
Biochim. Biophys. Acta., 167, 479(1968).

11.

C A . Zittle, Advan. Enzymol., 44, 319(1953).

12.

I.H. Sllman and I. Katchalski, Annu. Rev. Biochem., 35, 873
(1966).

13.

A.D. McLaren and L. Packer, Adv. Enzymol. Relat. Areas Mol.
Biol., 33, 245(1970).

138

139

14.

A.D. McLaren, J. Phys. Chem., 58, 129(1954).

15.

R. Goldman and H.M. Lenhoff, Biochim. Biophys. Acta., 242,
514(1971).

16.

A.D. McLaren, Science, 125, 697(1957).

17.

A.D. McLaren and E.F. Estermann, Arch. Biochem. Biophys., 68,
157(1957).

18.

A.D. McLaren, Enzymologia, 21, 356(1960).

19.

T. Tosa, T. Mori, N. Fuse, and I. Chibata, Agr. Biol. Chem., 33
1047(1969).

20.

A.Y. Nikolaev and S.R. Mardashev, Biokhimiya, 26, 641(1961);
(Engl, trans., 26, 565, 1961).

21.

T.M.S. Chang, Science, 146, 524(1964).

22.

T.M.S. Chang, "Artificial Cells," I.N. Kugelmass, Ed.,
Charles C. Thomas, Publ., Springfield, 111., 1972, p 78.

23.

J.A. Herbig, Encyl. Polym. Sci. Technol., 8, 719(1968).

24.

D.L. Gardner and D. Emmerling, Abstracts, 162nd National Meeting of the American Chemical Society, Division Organic Coatings
and Plastics Chemistry, 31, 366(1971).

25.

T.M.S. Chang, Trans. Am. Soc. Artif. Intern. Organs, 12, 13
(1966).

26.

T.M.S. Chang, F.C. Macintosh, and S.G. Mason, Can. J. Physiol.
Pharmacol., 44, 115(1966).

27.

T.M.S. Chang and F.C. Macintosh, Pharmacologist, 6>, 198(1964).

28.

R.C. Boguslaski and A.M. Jonik, Biochim. Biophys. Acta., 250,
266(1971).

140
29.

E.F. Jansen and A.C. Olson, Arch. Biochem. Biophys., 129,
221(1969).

30.

S. Aurameas and T. Ternynck, Immunochemistry, JS, 53(1969).

31.

K.A. Walsh, M. Pangburn, and R. Haynes, Abstracts, 162nd
National Meeting of the American Chemical Society, Division
Organic Coatings and Plastics Chemistry, 31, 361(1971).

32.

I.H. Silman, M. Albu-Weissenberg, and E. Katchalski, Biopolymers,
4, 441(1966).

33.

R. Goldman, 0. Kedem, I.H. Silman, S.R. Caplan, and E. Katchalski, Biochemistry, g,

34.

486(1968).

R. Goldman, L. Goldstein, and E. Katchalski, in "Biochemical
Aspects of Reactions on Solid Supports," G.R. Stark, Ed.,
Academic Press, N.Y. 1971.

35.

G.J.H. Melrose, Rev. Pure Appl. Chem., 21,

36.

J. Gryszkiewicz, Folia. Biol. (Warsaw), 19, 119(1971).

37.

L. Goldstein in "Methods in Enzymology," Vol. XIX, G.E. Perlman

83(1971).

and L. Lorand, Ed., Academic Press, New York, 1970, pp 935.
38.

G.P. Royer, John P. Andrews, and R. Uy, Enzyme Technology
Digest, 1 (3), 99(1973).

39.

A.S. Lindsey, J. Macromol. Sci., C3(l), 1(1969).

40.

N. Grubhofer and L. Schlelth, Hoppe-Seyler's Z. Physiol. Chem.,
297, 108(1954).

41.

Y. Levin, M. Pecht, L. Goldstein, and E. Katchalski,
Biochemistry, 3, 1905(1964).

141

42.

A. Conte and K. Lehmann, Hoppe-Seyler's Z. Physiol. Chem.,
352, 533(1971).

43.

E. Brown and A. Racois, Bull. Soc. Chim. Fr., No. 12, 4341(1971).

44.

G. Manecke and H.J. Forster, Makromol. Chem., 91, 136(1966).

45.

N. Grubhofer and L. Schlelth, Naturwissenschaften, 40, 508
(1953).

46.

H. Brandenberger, Angew. Chem., 67, 661(1955).

47.

R. Axen and S. Ernback, Eur. J. Biochem., 18, 351(1971).

48.

N. Weliky and H.H. Weetall, Immunochemlstry, 2, 293(1965).

49.

G. Kay and E.M. Crook, Nature, 216, 514(1967).

50.

J.K. Inman and H.M. Dintzis, Biochemistry, 8, 4074(1969).

51.

M.A. Mitz and L.J. Summaria, Nature, 189, 576(1961).

52.

W.E. Hornby and H. Filippusson, Biochim. Biophys. Acta., 220,
343(1970).

53.

H. Filippusson and W.E. Hornby, Biochem. J., 120, 215(1970).

54.

S.P. O'Neill, J.R. Wykes, P. Dunnill, and M.D. Lilly,
Biotechnol. Bioeng., 13, 319(1971).

55.

H.H. Weetall, Science, 166, 615(1969).

56.

P. Cuatrecasas, J. Biol. Chem., 245, 3059(1970).

57.

E. Brown, A. Racois, R. Joyeau, A. Bonte, and J. Rioual,
C.R. Acad. Sci., Ser. C., 273, 668(1971).

58.

A. Bar-Eli and E. Katchalski, Nature, 188, 856(1960).

59.

M.A. Stahmann and R.R. Becker, J. Amer. Chem. S o c , 74,
2695(1952).

142

60.

A.N. Glazer, A. Bar-Ell, and E. Katchalski, J. Biol. Chem.,
237, 1832(1962).

61.

J. Kirmura and T. Yoshida, U.S. Patent 3,243,356(1966).

62.

J.H. Julliard, C. Godinot, and D.C. Gautheron, FEBS Lett., 14,
185(1971).

63.

I.H. Silman, M. Albu-Weissenberg, and E. Katchalski, Biopolymers,
4, 441(1966).

64.

S. Aurameas, Immunochemistry, 6, 43(1969).

65.

M. Gerendas, U.S. Patent 3,523,807(1970).

66.

N. Horvath, K. Somogyvarl, P. Somos, and J. Surjan,
Acta. Veterinaria Academiae Scientiarum Hungaricae, 19, 195
(1969).

67.

R.F. Doolittle, J.L. Oncley, and A. Jacobsen, Biochim. Biophys.
Acta. 69, 161(1963).

68.

R.F. Doolittle, J.L. Oncley, and D. Surgenor, J. Biol. Chem.,
237, 3123(1962).

69.

D.R. Drury and P.D. McMaster, J. Exp. Med. 50, 569(1929).

70.

M. Gokcen and E. Yunis, Nature, 200, 590(1963; H.A. Scheraga,
"Protein Structure," Academic Press, New York, N.Y., 1961.

71.

A.S. McFarlane, D. Todd, and S. Cromwell, Clin. Sci., 26,
415(1964).

72.

D.G. McKay, A. Kliman, and B. Alexander, New England J. Med.,
261, 1150(1959).

73.

S. Shulman, J. Amer. Chem. S o c , 75, 5846(1953).

74.

E.A. Caspary and R.A. Kekwlck, Biochem. J. 67, 41(1957).

143

75.

J. Clegg and K. Bailey, Biochim. Biophys. Acta., 63, 525
(1962).

76.

K. Laki, Sci. Amer., 206, 60(1962).

77.

C.E. Hall and H.S. Slayter, J. Biophys. Biochem. Cytol., .5,
11(1959).

78.

H.A. Scheraga and M. Laskowski, Jr. in "Advances in Protein
Chemistry," Vol. 12, Academic Press, New York, 1957, pp 1.

79.

P.R. Morrison and A. Seller, Am. J. Physiol, 168, 421(1952).

80.

K. Laki and J.A. Gladner, Physiol. Rev. 44, 127(1964).

81.

E.E. Schrier, C A . Broomfield, and H.A. Scheraga, Arch.
Biochem. Biophys., Suppl. I, 309(1962).

82.

J.A. Gladner, K. Lakl, and F. Stohlman, Biochim. Biophys. Acta.,
27, 218(1958).

83.

J.A. Gladner and K. Laki, J. Amer. Chem. S o c , 80, 1263(1958).

84.

M.L. Bender and F.J. Kezdy, J. Amer. Chem. S o c , 86, 3704(1964).

85.

Y. Moon, J. Mercouroff, and G.P. Hess, J. Biol. Chem., 240,
717(1965).

86.

K. Laki, Thromb. Diath. Haemorrhag., Suppl. 13, 1964.

87.

E.D. Warner, K.M. Brinkhous, and H.P. Smith, Amer. J. Physiol.,
114, 667(1936).

88.

W.H. Seegers and H.P. Smith, Amer. J. Physiol., 137, 348(1942).

89.

D.F. Waugh, D.J. Baughman, and K.D. Miller in "The Enzymes,"
P.D. Boyer, Ed., Vol. IV, 2nd ed, Academic Press, 1960, pp 229.

90.

S. Sherry and W. Troll, J. Biol. Chem, 208, 95(1954).

91.

E.R. Cole, J.L. Koppel, and J.H. Olwin, Nature, 213, 405(1967).

144

92.

D.F. Waugh and F. Lamy, Abstracts, 135th National Meeting of
the American Chemical Society, Boston, Mass., 1959.

93.

R. Landaburu and W.H. Seegers, Can. J. Biochem. and Physiol.,
37, 1361(1959).

94.

L. Lorand, W.T. Brannen, Jr., and N.G. Rule, Arch. Biochem.
Biophys., 96, 147(1962).

95.

K.A. Walsh and H. Neurath, Proc Natl. Acad. Sci. U.S., 52,
885(1964).

96.

J. Schoellman and E. Shaw, Biochemistry, 2_, 252(1963).

97.

L. Lorand, Fed. P r o c , 24 (4), (1965).

98.

K. Laki, Fed. P r o c , 24 (4), (1965).

99.

K.C. Robbins, Amer. J. Physiol., 142, 581(1944).

100.

K. Laki and L. Lorand, Science, 108, 280(1948).

101.

S. Shulman, J. Amer. Chem. S o c , 75, 5846(1953).

102.

L. Lorand and A. Jacobsen, Nature, 195, 911(1962).

103.

L. Lorand and W.R. Middlebrook, Biochim Biophys. Acta., J),
581(1952).

104.

B. Blomback, M. Blomback, P. Edman, and B. Hessel, Nature,
193, 883(1962).

105.

F.R. Bettelheim, Biochim. Biophys. Acta., 19, 121(1956).

106.

L. Lorand, Physiol. Rev., 34, 742(1954).

107.

J.A. Gladner, J.E. Folk, K. Laki, and W.R. Carroll, J. Biol.
Chem., 234, 6(1959).

108.

F. Markwardt and P. Walsman, Z. Physiol. Chem., 317, 64(1959).

145

109.

E. Shafrir, A. DeVries, and E. Katchalski, Proc. Soc. Exptl.,
Biol. Med., J7, 63(1954).

110.

L. Lorand, Thromb. Diath. Haemorrhag., ^. Suppl. 1, 238(1961).

111.

F. Markwardt, Thromb. Diath. Haemorrhag., 7, Suppl. 1, 74(1961).

112.

R.H. Landaburu and W.H. Seegers, Can. J. Biochem. Physiol., 37,
1361(1959).

113.

H.A. Scheraga, "Protein Structure," Academic Press, New York,
N.Y. (1961).

114.

K. Bailey, F.R. Bettelheim, L. Lorand, and W.R. Middlebrook,
Nature, 167, 233(1951).

115.

M.I. Barnhart, Thromb. Diath. Haemorrhag., Suppl. 13, 157
(1963).

116.

B. Blomback and R.F. Doolittle, Acta. Chem. Scand., 17,
1819(1963).

117.

L. Lorand, K. Konishi, and A. Jacobsen, Nature, 1148(1962).

118.

L. Lorand and K. Konishi, Arch. Biochem. Biophys., 58,(1964).

119.

H. Fritz, M. Gebhardt, R. Melster, K. Illchmann, and K.
Hochstrasser, Z. Physiol. Chem., 351, 571(1970).

120.

C.K. Glassmeyer and J.D. Ogle, Biochemistry, 10, 786(1971).

121.

L. Michaelis and M.L. Menten, Biochem. Z., 49, 333(1913).

122.

H.N. Christensen and G.A. Palmer, "Enzyme Kinetics," W.B.
Saunders Co., Philadelphia, Pa., 1967.

123.

L.B. Wlngard, "Enzyme Engineering," Interscience Publishers,
N.Y., 1972.

146

124.

J. Wynstra, N.H. Relnking, and A.E. Barnabeo, in "Preparative
Methods of Polymer Chemistry", 2nd ed., W.R. Sorenson and
T.W. Campbell, Eds., Interscience, N.Y., 1968, p. 467.

125.

N.H. Relnking, A.E. Barnabeo and W.F. Hale, J. Appl. Polym.
Sci., J7, 2153(1963); N.H. Relnking and A.E. Barnabeo,
French Patent 1,376,814(1964); Chem. Abstr., 63, 4487(1965).

126.

S.G. Cohen, H.C. Haas, and H. Slotnick, J. Poly. Sci., 11.
193(1953).

127.

H.C. Haas, S.G. Cohen, A . C Oglesby, and E.R. Karlin,
J. Poly. Sci., 15, 427(1955).

128.

P. Weiss, J.F. Gerecht, and I.J. Krems, J. Polym. Sci., 35,
343(1959).

129.

G.M.C. Higgins, and R.G.J. Miller, in "Laboratory Methods
in Infrared Spectroscopy", 1st ed., R.G.J. Miller and B.C.
Stace, Eds., Heyden and Sons, 1972.

130.

Y. Kuroda, and M. Kubo, J. Polym. Sci., 26, 323(1957).

131.

Y. Kuroda, and M. Kubo, J. Polym. Sci., 36, 453(1959).

132.

H.F. White, and C M . Lovell, J. Polym. Sci., 41, 369(1959).

133.

F. Sanger, Biochem. J., 39, 507(1945).

134.

F. Sanger, and H. Tuppy, Biochem. J., 49, 463(1951).

135.

F. Sanger, and E.O.P. Thompson, Biochem. J., 53, 366(1953).

136.

H. Fraenkel-Conrat, J. Ieuan Harris, and A.L. Levy, in
"Methods in Biochemical Analysis", Vol. II, D. Glick, Ed.,
Interscience, New York, N.Y., 1955, pp. 359-382.

137.

G. Manecke and S. Singer, Makromol. Chem., 37, 119(1960).

147

138.

G. Manecke and S. Singer, Makromol. Chem., 39, 13(1960).

139.

R.W. Rousseau, C D . Calllhan, and W.H. Daly, Macromolecules,

g, 502(1969).
140.

S. Somasekhara, B.S. Trivedi, and S.L. Mukherjee, Indian J.
Chem., 3, 140(1965).

141.

G.W. Seymour and V.S. Salvin, U.S. Patent 2,466,125(1949);
Chem. Abstr., 43, 5042(1949).

142.

H. Ulrich and A.A.R. Sayigh, Angew. Chem. Intern. Ed. Engl.,
J5, 704(1966); A.A.R. Sayigh and H. Ulrich, U.S. Patent
3,371,114(1968).

143.

E. Abderhalden and W. Stix, Hoppe-Seyler's Z. Physiol. Chem.,
129,143(1923).

144.

Ralph P. Williams, U.S. Patent 3,689,549 (1972).

145.

G. Greber and H.R. Krideldorf, Angew. Chem. Internal Ed.,
^, 941(1968).

146.

W.H. Daly, and H.J. Holle, J. Org. Chem.. in Press (1974).

147.

L. Field and F.A. Grunwald, J. Amer. Chem. S o c , 75,
934(1953).

148.

A. Furst, R.C. Berlo, and S. Hootpn, Chem. Rev., 65, 51(1965).

149.

R. SchrOter, Methoden der Organischen Chemie, jLl(l), 452(1957).

150.

J.K. Inman, and H.W. Dintzis, Biochemistry, 8, 4074(1969).

151.

R. Axen, and J. Porath, Nature, April 23, 367(1966).

152.

D.H. Campbell, E. Luescher, and L.S. Lerman, Proc. Nat.
Acad. Sci. U.S., 37, 575(1951).

148

153.

J. Werner, U.S. Patent 2,631,167(1953); Chem. Abstr., 48,
717(1954).

154.

L. Fieser, "Organic Experiments", 4th ed., D.C. Heath and
Co., Boston, Mass., 1964, p. 250.

155.

L.J. Bellamy, "The Infrared Spectra of Complex Molecules",
2nd ed., Wiley and Sons, New York, N.Y., 1958.

156.

K. Nakanishi, "Infrared Absorption Spectroscopy," 1st ed.,
Holden-Day, San Francisco, Cal., 1962.

157.

Z.B. Papanastasslon, A. McMillan, V.J. Czebotar, T.J. Barbos,
J. Amer. Chem. S o c , 81, 6056(1959).

158.

K.B. Whetsel, G.F. Hawkins, and F.E. Johnson, J. Amer. Chem.
Soc., 78, 3360(1956).

159.

A. Schejter, and A. Bar-Eli, Arch. Biochem. Biophys., 136,
325(1970).

160.

A.F.S.A. Habeeb, Arch. Biochem. Biophys., 119, 264(1967).

161.

F.M. Richards, and J.R. Knowles, J. Mol. Biol., 37, 231(1968).

162.

P.M. Hardy, A.C. Nicholls, and H.N. Rydon, J. Chem. S o c , 10,
565(1969).

163.

M. Ottesen, and B. Svensson, C R . Trav. Lab. Carlsberg, 38,
171(1971).

164.

A.F.S.A. Habeeb and R. Hiramoto, Arch. Biochem. Biophys.,
126, 16(1968).

165.

B. Alexander, and A.M. Engel, in "Methods in Enzymology",
Vol. XIX, 978(1970).

149

166.

A. Rimon, B. Alexander, and E. Katchalski, Biochemistry, j>,
792(1966).

167.

S. Sherry, and W. Troll, J. Biol. Chem., 208, 95(1954).

168.

H.R. Mahler and E.H. Cordes, "Biological Chemistry", Harper
and Row, New York, 1966, p. 250.

169.

K.L. Wilzbach, J. Amer. Chem. S o c , 79, 1013(1957).

170.

R. Axen and S. Ernback, Eur. J. Biochem., 18, 351(1971).

171.

S.J. Updike and G.P. Hicks, Science, 158, 270(1967).

172.

S.A. Barker, P.J. Somers, and R. Epton, Carbohyd. Res. 8^,
491(1968).

173.

A. Bar-Eli and E. Katchalski, J. Biol. Chem., 238, 1690(1963).

174.

A.M. Neville and J.B. Kennedy, "Basic Statistical Methods,"
International Textbook Co., Scranton, 1964, p. 180.

175.

M.G. Natrella, "Experimental Statistics," National Bureau of
Standards Handbook 91, U.S. Government Printing Office,
Washington, D . C , 1963.

176.

H.A. Laitinen, "Chemical Analysis," 1st ed., McGraw-Hill
Book Co., N.Y., 1960, p. 545.

APPENDIX I

The following collection of Tables and Figures summarizes in
detail the experimental data gathered during the course of this study
concerning immobilized enzymes.
listed for each experiment.

The experimental conditions are

The data abstracted from each Table for

display in graphical form is denoted without a superscript notation.

TABLE 17
Esterase Activity of
Free Trypsin Toward TAME

TAME?
ml

a.

[SI,
mM

» ( - * )

0.01

0.88

0.62

0.05

4.20

0.78

0.10

8.0

0.90

0.20

14.5

1.15

0.40

24.6

1.30

1.0

42.1

1.40

'(-

mol
min-mg/)

135
171
198
252
279
306

[S]/v, _ 3
min/£ x 10

1.42
5.41
8.93
12.7
18.9
30.3

System consists of 0.2 ml[0.01 M] Ca CI,,, 0.6 ml[0.025 M]
borate buffer pH 8.0, 0.1 ml (0.046 mg/ml) free trypsin
(2X recrystallized) and X ml of TAME [0.08 M] equilibrated
at 23°.

150

2.0r

50 m M
Figure 27:
Michaelis-Menten curve for free trypsin.

Reaction conditions are summarized in Table 17.

40r

Km = 5.0 x!0"3M

Figure 28:
Woolf Plot for free trypsin.

Reaction conditions are summarized in Table 17.

Ul
M

TABLE 18
pH Dependence of Free Trypsin Esterase Activity Toward
a-N-p-Toluenesulfonyl-L-arginine methyl ester (TAME).

.a

;/ymol\
\ min/

5.94

0.07

15

7.4

7.00

0.25

54

27.0

7.40

0.44

96

48.0

7.70

0.46

100

50.0

8.02

0.63

138

68.0

8.70

0.92

202

100.0

8.90

0.92

202

100.0

9.44

0.47

102

50.0

10.00

0.25

55

27.0

a.

/ymol
\
\ min-mg/

Percent of the
Maximum Activity

System consists of 0.2 ml[0.01 M] CaCl2, 0.6 ml[0.025 M]
borate buffer, 0.1 ml (0.046 mg/ml) trypsin (2X recrystallized), and 0.2 ml[0.08 M] TAME equilibrated at 23°.

TABLE 19
Esterase Activity of
Free Thrombin Toward TAME.

TAME?
ml

a.

[S],
mM

» ( " = )

\min-mg/

[S]/v,
»
mln/l x 10 J

0.01

0.99

0.12

0.04

0.05

4.7

0.25

1.01

18.8

0.10

8.9

0.30

1.21

29.7

0.20

16.0

0.37

1.49

43.2

0.40

26.7

0.40

1.62

66.8

0.60

34.3

0.42

1.69

81.7

8.25

System consists of 0.6 ml[0.025 M] borate buffer pH 8.0, 0.2 ml
(1.24 mg/ml) Park-Davis^R' thrombin
abd (65% clottable) and X ml
TAME [0.08 M] equilibrated at 23°.

25 mM
Figure 29:
Michaelis-Menten curve for free thrombin.

Reaction conditions are summarized in Table 19.

Ul
Ul

-3,

K m = 3.80 x 1 0 ° M
V m a x = 0.46»'I!12!£5

mm
50 m M

Figure 30:
Woolf Plot for free thrombin.

Reaction conditions are summarized in Table 19.
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Km=6.32±1.60mM
Vmax=2.85
20

30

—H—

0.32 nmoUs
mm
J
40 mM

Figure 31:
Woolf Plot (upper) and Michaelis-Menten curve (lower) for trypsin
CVB fibrin (343-31A).

1
X

a
E
>

—l/t^xlO"- 2 —
J

11

I—J.

13 mM

A =Fre« Trypsin
• =Trypsin CVB Fibrin
(343-31A)
30

mM

[s]-

Figure 32:
Normalized Lineweaver-Burk Plot (upper) and Normalized MichaelisMenten curve (lower) for free trypsin (A) and trypsin CVB fibrin
(•) (343-31A).

400r

Km=4.09±1.42mM
Vmax=0.18+ .01 timoles
min
10

20

I

i

I

30

40
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i

I

60 mM

-[sj-

40

mM

—fs>
Figure 33:
Woolf Plot (upper) and Michaelis-Menten curve (lower) for trypsin
CVB fibrin membrane (343-32A).

6

^ 4
x
o
E 3
>

I

2
-l/[s]xlO1
mM

60
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Figure 34:
Normalized Lineweaver-Burk Plot (upper) and Normalized MichaelisMenten curve (lower) for free trypsin (A) and trypsin CVB fibrin
membrane (•) (343-32A).
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400r-

Km=4.55±1.47mM
V max =0.15 ±0.01 nmoles
min
J

40 mM

•Ls]-

Thrombin CVB Fibrin
(343-31B)
20

30

40 mM

Figure 35:
Woolf Plot (upper) and Michaelis-Menten curve (lower) for thrombin
CVB fibrin (343-31B).
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Figure 36:
Normalized Lineweaver-Burk Plot (upper) and Normalized MichaelisMenten curve (lower) for free thrombin (A) and thrombin CVB.fibrin
(•) (343-31B).

TABLE 20
pH Dependence of Free Trypsin Esterase Activity
Toward a-N-jh-Toluenesulfonyl-L-arginine methyl ester (TAME)

"'(^f

PH

X ± s

/jimolN

\min-mgy

X ± s

6.1

0.084
0.099
0.093

0.092 ± 0.008

15.3
18.0
16.9

16.7 ± 1.0

7.2

0.391
0.366
0.403

0.387 ± 0.019

71.1
66.6
73.3

70.3 ± 3.4

8.0

0.822
0.925
0.945

0.897 ± 0.066

149.5
168.2
171.8

163.2 ± 1 2 . 0

8.5

0.848
0.899
0.966

0.904 ± 0.059

154.2
163.5
175.6

164.4 ±10.7

9.0

0.905
0.884
0.946

0.912 + 0.032

164.6
160.7
172.0

165.8 ± 5.7

9.4

0.814
0.740
0.720

0.758 ± 0.050

148.0
134.6
130.9

137.8 ± 9.0

10.0

0.452
0.411
0.411

0.425 ± 0.024

82.2
74.7
74.7

77.2 ± 5.3

a.

The activity of free trypsin was determined at 23° for a
system consisting of 0.6 ml appropriate buffer, 0.2 ml[0.01 M]
CaCl2, 0.1 ml aliquot free trypsin (5.5 yg) and 0.1 ml[0.08 M]
TAME.

TABLE 21
Determination of the Percent of the Maximum
Esterase Activity for Free Trypsin at Various pH Values

PH

X ± s

(s/X)

2

(s/R) :

2a

R

s

%± s

6.1

16.7

± 1.4

6.71 x lO" 3

7.91 x lO" 3

0.101

0.009

10.1 ± 0.9

7.2

70.3

± 3.4

2.38

3.58

0.424

0.025

42.4 ± 2.5

8.0

163.2 ± 12.0

5.41

6.61

0.984

0.080

98.4 ± 8.0

8.5

164.4 ± 10.7

4.27

5.47

0.992

0.073

99.2 ± 7.3

9.0

165.8

± 5.7

1.20

2.39

1.00

0.049

100.0 ± 4.9

9.4

137.8

± 9.0

4.26

5.47

0.831

0.061

83.1 ± 6.1

10.0

77.2

± 4.3

3.10

4.30

0.466

0.031

46.6 ± 3.1

a.

(s/R) 2 - [(s/X^ 2 + (s/j^)2]; (s/X a ) 2 - (5.7/165.8)2

165

100

>

H-*

80

V

<

E 60
o
E
'x
a
S 40
*o
US
20-

Free Trypsin

8

10

PH

Figure 37:
pH Activity Curve for free trypsin.
summarized in Table 20.

Reaction conditions are

TABLE 22
pH Dependence of C-14 Labeled Trypsin Esterase Activity
Toward a-N-jj-Toluenesulfonyl-L-arginine
methyl ester (TAME)

X± s

'CSf

pH

v

X± s

/jfflol\
^min-mgy
3.29
3.49
3.70

6.1

0.329
0.349
0.370

0.349 ± 0.021

7.0

1.50
1.52
1.48

1.50

± 0.02

15.0
15.2
14.8

15.0 ± 0.2

8.0

4.32
4.11
3.91

4.11

± 0.21

43.2
41.1
39.1

41.1 ± 2.1

8.4

4.93
4.73
5.14

4.93 + 0.21

49.3
47.3
51.4

49.3 ± 2.1

9.2

4.16
3.85
4.04

4.02

± 0.16

41.6
38.5
40.4

40.2

10.0

3.24
3.39
3.14

3.26

± 0.13

32.4
33.9
31.4

32.6 ± 1.3

a.

3.49 ± 0.21

± 1.6

The activity of C-14 labeled trypsin was determined at 23° for
a system consisting of 0.6 ml buffer, 0.2 ml[0.01 M] CaCl„,
0.1 ml aliquot C-14 labeled trypsin (10 mg) and 0.1 ml[0.08 M]
TAME.

TABLE 23
Determination of the Percent of the Maximum
Esterase Activity for C-14 Labeled Trypsin at Various pH Values

pH

X ± s

6.1

3.5 ± 0.2

7.0

(s/X)

2a

2
(£

R

s

%± s

3.62 x lO" 3

5.43 x 1 0 - 3

0.071

0.005

7.1 ± 0.5

15.0 ± 0.2

0.19

1.99

0.304

0.014

30.4 ± 1.4

8.0

41.1 ± 2 . 1

2.61

4.42

0.834

0.055

83.4 ± 5.5

8.4

49.3 + 2 . 1

1.81

3.62

1.00

0.060

100.0 ± 6.0

9.2

40.2 ± 1.6

1.58

3.39

0.815

0.048

81.5 ± 4.8

10.0

32.6 ± 1.3

1.59

3.40

0.661

0.039

66.1 ± 3.9

a.

(s/R) 2 = [(s/X a ) 2 + (s/j^)2]; (s/j^) 2 = (2.1/49.3)''
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Figure 38:
pH Activity Curve for C-14 labeled trypsin.
are summarized in Table 22.

Reaction conditions

TABLE 24
pH Dependence of C-14 Labeled Trypsin CVB Fibrin
Esterase Activity Toward a-N-jg-Toluenesulfonyl-L-arginine
methyl ester (TAME)

fl,

™

™

pH

i /umol\
^ min/

X ± s

6.1

0.45
0.49
0.53

0.49 ± 0.04

22.5
24.5
26.5

24.5 ± 2.0

7.0

1.97
2.06
1.81

1.95 ± 0.13

98.5
103.0
90.5

97.3 ± 6.3

8.0

3.41
3.41
3.33

3.38 ± 0.05

170.5
170.5
166.5

169.2 ± 2.3

8.4

3.29
2.88
3.70

3.29 ± 0.41

164.5
144.0
185.0

164.5 ± 20.5

8.5

2.78
2.74
2.52

2.68 ± 0.14

139.0
137.0
126.0

134.0 ± 7.0

8.9

3.08
3.56
3.24

3.29 ± 0.24

154.0
178.0
162.0

164.7 ± 12.2

9.8

2.47
2.88
2.93

2.76 ± 0.25

123.5
144.0
146.5

138.0 ± 12.6

a.

/ymol

\

\min-mg/

X ± s

The activity of C-14 trypsin CVB fibrin was determined at 23
for a system consisting of 0.6 ml buffer, 0.2 ml[0.01 M] CaC
0.1 ml aliquot immobilized enzyme and 0.1 ml[0.08 M] TAME.

TABLE 25
Determination of the Percent of Maximum Esterase
Activity for C-14 Trypsin CVB Fibrin at Various pH Values

pH

(s/X)2

X ± s

2a
(s/R)

R

s

%± 8

6.1

24.5 ±

2.0

6.6 x 1 0 - 3

6.85 x 10" 3

0.145

0.012

14.5

± 1.2

7.0

97.3 ±

6.3

4.19

4.38

0.575

0.038

57.5

± 3.8

8.0

169.2 ±

2.3

0.19

0.37

1.00

0.019

100.0

± 1.9

8.4

164.5 ± 20.5

1.55

1.57

0.972

0.122

97.2 ± 12.2

8.5

134.0 ±

7.0

2.73

2.92

0.792

0.043

79.2

± 4.3

8.9

164.7 ± 12.2

5.49

5.68

0.973

0.073

97.3

± 7.3

9.8

138.0 ± 12.6

8.34

8.53

0.816

0.075

81.6

± 7.5

(s/R) 2 - [(s/j^)2 + ( s / ^ ) 2 ] ; (s/X^ 2 - (2.3/169.2)2
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Figure 39:
pH Activity Curve for C-14 labeled trypsin CVB fibrin (343-42-2).
Reaction conditions are summarized in Table 24.

APPENDIX II

CONFIDENCE LIMITS OF A REGRESSION ANALYSIS

The normal confidence limits about a regression line, the
variance of the mean, is given by Nevill and Kennedy
Natrella

and

as follows.

S-2 - S
y
y

- * average variance of y
n = number of observations
X. • experimental value of X
X

= mean of the regression line on the X axis (centroid
point)

This equation is also used, by setting X equal to zero, to determine
the confidence limits of the intercept [K (app)/V

(app)] and

coupled with the equation for the variance of the slope
[1/V

(app)] of the regression line,

IuflX

s 2 --^!
E(X - X ) 2
allows the calculation of the confidence limits on K (app) and
V

(app).

But it appears from Figure (27) that the standard de-

viation is not approximately the same about the four experimental
points; the deviation becomes greater at smaller concentrations of

172

173
enzyme due to the inaccuracy in pipetting small volumes. Therefore, we have weighted the standard deviation at low concentrations
by the following approach.

Since Figure (26) describes a parabola

through the origin, or
Y - A + BX + CX2
Y/X = A/X + B + CX,

or since A - 0

Y/X = B + CX
To take into account the dependence on X of the average variance,
one can divide the original equation by X,
Sv2 \l/2

y

^

In

+

Z(X1 - X)*J

and then to allow for the larger deviation at low values of X, a
good approximation is obtained by dividing by X

2

rather than X as

shown below.

A choice of the desired "t" value allows then the calculation of the
confidence interval about the regression line.
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